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AN ABSOLUTE DETERMINATION OF THE AMPERE 
By Harvey L. Curtis and Roger W. Curtis 


ABSTRACT 


The current balance originally used by Rosa, Dorsey, and Miller in 1911 has 
been somewhat modified and used to determine the absolute value of the ampere. 
The value in absolute amperes of the current in the coils of the balance was deter- 
mined from the measured constants of the coils and the electromagnetic force 
between them. The most important constant which could be directly measured 
was the ratio of the radii of the coils, which was measured by an electrical method. 
The values obtained on four sets of coils indicated that there was no error in the 
measurement of the ratio of the radii greater than three parts in a million. 

The current through the balance was measured not only in absolute units but 
also in terms of the international units of electromotive force and resistance as 
maintained at the Bureau of Standards. The final result of measurements with 
four different coil combinations was: 


1 B.S. International Ampere =0.999928 Absolute Ampere 


The authors estimate that this result differs from the true value by less than 20 
parts in a million. 

This result agrees within experimental error with that obtained in 1911, indi- 
cating that the unit of current as realized at the Bureau of Standards by standard 
cells and standard resistances has not changed appreciably since then. 
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I. INTRODUCTION 


A determination of the absolute value of the international ampere 
as maintained at the Bureau of Standards has been completed. The 
method was that used by Rosa, Dorsey, and Miller in 1911, and a large 
part of their apparatus was employe ‘d. This investigation was under- 
taken to ascertain whether there had been an important change in the 
unit of current since 1911, and to determine the amount by which the 
present international unit of current differs from the absolute unit. 
The determination has been carried through with the idea of obtain- 
ing a reliable result at as early a date as possible. 

The absolute determination of current had its inception in the 
work of Gauss.! The tangent galvanometer’ provided the first 


1 Gauss, Pogg. Ann., vol. 28, p. 241, 1833. 
? Pouillet, Pogg. Ann., vol. 42, p. 281, 1837 
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method * for an absolute current determination and this suggested 
to Weber * a unified system of absolute electrical units. The current 
balance was first used by Cazin *® and later made an instrument of 
precision by Rayleigh.’ In only two previous determinations” * did 
the results have an accuracy ® greater than one part in 10,000. This 
report gives the results of a third precise determination. 


1. IMPORTANCE OF A NEW ABSOLUTE DETERMINATION OF THE 
AMPERE 


The International Committee of Weights and Measures decided in 
1928 to adopt the absolute electrical units and to base the value of 
working standards on the results of absolute determinations. The 
national laboratories were requested to complete as soon as possible 
the absolute determinations which they had planned. The results 
herein reported are a part of the contribution of the Bureau of 
Standards. 

This determination also gives information concerning the constancy 
of our own standards. In the absolute determination of the ampere 
which was made at the Bureau of Standards in 1911, the results were 
expressed in terms of the units of resistance and electromotive force 
of this Bureau. These units have been maintained by means of 
groups of standard resistances and standard cells. Individual mem- 
bers of each group have changed relative to the mean by appreciable 
amounts so that some doubt exists as to the accuracy of maintenance 
of these units of resistance and electromotive force.’° Hence an 
absolute determination gives information concerning the changes 
which may have taken place in the electrical units. 


2. RELATION OF THE PRESENT WORK TO THAT OF 1911 


The current balance used in 1911 was chosen for this investigation 
partly because a large part of the apparatus was already available. 
Another reason was the desirability of having the Bureau of Standards 
method sufficiently different from that in use at the National Physical 
Laboratory so that the same systematic errors will not enter in the 
determinations at the two laboratories. Only these two types of 
current balances have been so perfected that precise results can be 
obtained by their use. Extensive development work will be necessary 
before determinations by any other method" will have the same 
accuracy as those by these current balances. 

In the preliminary determination of the present series, made in 
1927, all of the available apparatus which was used in 1911 was again 
used although it was set up in a different laboratory. Later the 
apparatus was modified in many details. The results of all the meas- 
urements that have been made are herein reported. 





’ Weber, Deutscher Naturforscher Verein, Berichte, p. 154, 1841. 

‘Weber, Ann. der Phy. u. Chem., vol. 82, p. 337, 1851. Translated in Phil. Mag., series 4, vol. 22, 
p. 226 ff. and p. 261 ff. 1861. 

' Cazin, Ann de Chimie et de Physique, series 4, vol. 1, p. 257, 1864. 

§ Rayleigh, B. A. Report p. 445, 1882. Proc. Camb. Phil. Soc., vol. 5, p.50. Phil. Trans. 175, p. 411, 1884. 

’ Ayrton, Mather and Smith, Roy. Soc., Phil. Trans. vol. 207A, p. 463, 1908. 

§ Rosa, Dorsey, and Miller, B.S. Bull., vol. 8, p. 269, 1911. 

* The most recent determination was that of Shaw, but the accuracy of the results obtained did not exceed 
one part in 10,000. Roy.Soe., Phil. Trans. vol. 214A, p. 147, 1914. 

 H. L. Curtis, The Establishment and Maintenance of the Electrical Units, Bull. National Research 
Council no. 93, p. 80, 1933. 

4 Some progress has been made by the authors towards the construction of an electrodynamometer of the 
Pellat type. Pellat, Bull. de la Soc. Internat. des Electriciens, series 2, vol. 8, p. 573, 1908. The mathe- 
matical theory has been developed by Snow, B.S. Jour. Research, vol. 1 (RP24), p. 685, 1928. 
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The current balance was of the Rayleigh type having a moving coil 
which was suspended with its plane horizontal from 1 of the pans of a 
balance, and 2 fixed coils which were placed, one above and the other 
below, the moving coil. Each of the coils had a square cross section, 
the linear dimensions of which were small as compared to the radius of 
the coil. The coils were horizontal and coaxial, and the fixed coils 
were at such a distance from the moving coil that the electr omagnetic 
force on the latter was a maximum. 

In order to determine in absolute measure the current in the coils, 
it was necessary to measure not only the electro-magnetic force on the 
moving coil but also the ratio of the effective radii of the coils, and to 
know the number of turns in each of the coils. The experimental 
work, therefore, consisted of two distinct parts; one, the determination 
of the ratio of the radii of the coils used; and second, the determina- 
tion of the force between the coils produced by the current which was 
to be measured. 
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II. DESCRIPTION OF THE CURRENT BALANCE 


The current balance and accessories were installed in basement 
rooms in the electrical building, the balance room having only two 
small outside windows with light-tight shutters. The temperature 
change of the balance room was often as small as 0.2° C during an 
afternoon, a condition favorable for the operation of a precision ‘bal- 
ance. Adjacent to the balance room was a small observation room 
from which the balance could be operated without entering the balance 
room. ‘The rooms were constructed with a minimum of magnetic 
material so placed that all magnetic masses of appreciable size were at 
a considerable distance from the balance. Inside the balance room 
were nonmagnetic piers each having a heavy top of statuary marble. 


1. THE BALANCE 


A 2-kilogram precision balance with a 30-cm beam was used, the 
same one as was employed in the work of 1911, when all the mag- 
netic parts except the knife edges were removed. In the course of 
the present investigation, the knife edges were reground and heavy 
agate planes substituted for those originally furnished. As shown in 
figures 1 and 2, the balance was mounted on three marble blocks 
attached to the marble top of the coil case. On top of the blocks was 
a hole-slot-plane system arranged to hold the three supporting feet of 
the balance case. Slides were attached to the pieces holding the hole 
and the slot so that the balance with the attached moving coil could 
be moved in two horizontal directions, thus providing the horizontal 
adjustments of the moving coil with respect to the fixed coils. The 
moving coil was suspended from the right-hand pan of the balance 
by means of a tube through which the leads to the moving coil were 
carried. 

A device was installed by which a cylindrical weight could be added 
to, or removed from, the pan without arresting the balance. The 
device had, projecting over the pan, an arm with 3 ivory fingers 
which could be moved between 4 ivory fingers attached to the pan. 
Grooves in both sets of fingers prevented a cylindrical weight from 
rolling out of place. A cam operated from a distance raised and low- 
























































Out Absolute Determination of the Ampere 669 
ered the arm carrying the three ivory fingers, thereby either remov- 
ing the weight from the balance pan or replacing it. As the weights 
were placed on the pan to which the moving coil was attached, neither 
the ratio of the balance arms nor the bending of the beam affected 
the results. 

(a) OPTICAL SYSTEM 


The optical system for determining the position of the balance beam 
consisted of a lamp and scale with a mirror on the balance beam. 
There were three distinctive features of this system: (1) The light 
beam was symmetrical with respect to the 2 arms of the balance 
beam so that any heating produced by the light affected the 2 arms 
equally; (2) the effective length of the optical lever was doubled by 
an arrangement of mirrors which gave 2 reflections of the light from 
the mirror on the balance beam, thus doubling the motion of the spot 
of light on the scale so that this motion was then about 72 times the 
motion of the moving coil; (3) right-angled prisms with optical sur- 
faces were used for most of the reflectors, thus giving a very distinct 
image on the reading scale. By employing these features the optical 
system using a lamp and scale was sufficiently accurate and easily 
operated. 

(b) SENSITIVITY OF THE BALANCE 


The sensitivity of the balance, with a half period of about 19 sec- 
onds, was usually about 3 milliradians per milligram. With the opti- 
cal system described above, 1 mg placed on the pan produced a deflec- 
tion of 16 mm on the scale. It was possible to make a weighing to 
about 0.01 mg since the position of the spot of light on the scale 
could be read to 0.2 mm. As the total load on the pan was more 
than 1 kg, a weighing to 0.01 mg required a sensitivity of 1 part in 
100 million of the total load on the pan. This sensitivity was neces- 
sary to obtain a precision of one part in a million in the electromag- 
netic force between the coils, since this force seldom exceeded 10 grams. 

In addition to the precautions normally taken in precision weigh- 
ings, the following requirements were essential for the extreme pre- 
cision needed in this investigation: (1) The balance must not be 
arrested during a weighing; (2) the temperature of the balance beam 
must be kept very constant; and (3) the density of the weights on 
the two pans must be approximately the same. An arrestment of the 
balance usually changed the rest point, the amount of change being 
different for each arrestment. A method of weighing will be de- 
scribed later which avoided this difficulty. The balance beam was 
made of a material which had an expansivity of nearly 20 parts in a 
million per degree centigrade. A change in temperature of 0.0005° C 
of one arm relative to the other affected a weighing by a part in 
100 million. The method of weighing employed in this investigation 
eliminated the effect of any slow, uniform drift of temperature. The 
density of the counterweights was such that the volume occupied by 
them was about the same as the volume of the coil, so that changes 
in barometric pressure did not appreciably affect the rest point of the 
balance during a weighing. 

In addition to the difficulties that are inherent in any weighing of 
extreme precision, the current balance has the added difficulty that 
the current heats the moving coil, thus causing, in the surrounding 
air, convection currents which produce a force on the coil. In a 
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closed space which has reached temperature equilibrium, these con- 
vection currents become very stable so that the force is very con- 
stant. Hence weighings were made only after the balance and its 
surroundings had been under constant temperature conditions for 
several hours. The convection currents, when a moving coil was 
dissipating 2 watts, produced a force on it of as much as 0.2 mg, but, 
so long as this force remained constant, it caused no error in the 
determination of the electromagnetic force which was always obtained 
by reversing the current in the fixed coils. 
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Figure 1.—Assembled current balance and the operator’s posttton. 
(c) THE WEIGHTS 


For each combination of coils, 3 special weights were prepared, 
corresponding to 3 different currents. All these weights were in the 
form of cylinders with rounded ends. The lengths varied from 2.5 
to3.5em. Some were of a gold-platinum alloy, others of a platinum- 
iridium alloy. ‘They have been frequently calibrated by the mass 
section of this Bureau and no significant changes in mass have 
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Figure 2.—Photograph of the current balance as used in the final observations, 
showing the operator’s position in an adjoining room. 


window between the two rooms was closed when observations were being made. Every part of the 
el issembly, including the rubber hose for making the water connections, the brass water pipes, and the 
re ince thermometers in the pipes, was carefully tested and found to be nonmagnetic. The only excep 
were the three steel Knife edges of the balance, which were more than a meter from the coils 
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been observed. The nominal values of the weights are given in table 
2, p. 677. 

(d) PROCEDURE IN MAKING A WEIGHING 


For several hours before the actual weighings started, a current of 
approximately the same value as that to be used later was sent 
through the coils. When conditions had become stable the balance 
beam was released. With the direction of the current such that the 
electromagnetic force was downward and with the weight off the pan, 
the counterweight on the opposite pan was adjusted to give a suitable 
value of the rest point. These adjustments were necessarily made 
with the operator in the balance room. The operator then went to 
the observation room and after a short interval (about 15 minutes) 
began a set of observations. By means of air jets that could be 
directed under the pan, the amplitude of swing was adjusted to a 
convenient value, usually about 2 centimeters on the scale. The 
position of the rest point was then determined by observing 3 turning 
points at the right and 2 at the left. The direction of the electro- 
magnetic force was then reversed by reversing the current through 
the fixed coils, and at the same time the weight was placed on the 
coil pan of the balance so that the total force acting on the balance 
beam was only slightly changed. A second rest point was then 
observed in order to obtain the difference in the rest points with the 
weight on the pan and with it off. As a check, the current in the 
fixed coils was again reversed and the weight removed. If conditions 
had remained exactly the same, this third rest point would exactly 
agree with the first. This was seldom the case, because conditions 
changed almost continuously. Hence, six or more rest points were 
usually necessary in order to determine, by a graphical method, the 
difference in the rest points with the weight on and with it off. From 
this difference and the sensitivity of the balance, the difference 
between the gravitational force on the weight and twice the electro- 
magnetic force between the coils could be obtained. 


2. COILS AND THEIR MOUNTINGS 


The coils were mounted in a case with sides of wood and glass, the 
bottom of the case being the marble top of a pier, and the top being 
a marble slab upon which the balance was supported and to the 
underside of which the fixed coils were attached. The tube by which 
the moving coil was suspended from the pan of the balance passed 
through a hole in the marble slab. 


(a) THE COILS 


Rosa, Dorsey, and Miller constructed 4 moving coils designated as 
M1, M2, M3, and M4, and 8 pairs of fixed coils designated as S1, 82; 
Li, L2; and L3, L4. They stated that moving coils M2 and M3 
were somewhat superior to M1 and M4 and that L1, L2 were some- 
what inferior to either L3, L4 or S1,S2. Hence, for this investigation 
the moving coils M2 and M3 and the 2 pairs of fixed coils S1, $2, and 
L3, L4 have been used. The important constants of these coils as 
determined at the time of winding are given in table 1. 
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TaBLeE 1.—Constants of coils 


{All measured constants were determined at time of winding] 
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Num- 
ber of —— Dism- ia aid Axial foie: — 
Num-| turns | ,; eter 0 adial | width = 
=  |Desig-| ber of| per | Num-|ber of) Mean | ‘Wire | depth jof wind-| Puted | width 
Kind of coil : br ry. | ber of | turns | radius ‘ : ; width | less 
nation) wind- !layer in : : . : over jofwind-| ing * 
: layers |in each} of coil } of wind-| com- 
ings | each 2. insula-| ing chan- so, 
wind- wind- tion nel | 128 puted 
ing ing width? 
cm cm cm cm em cm 
Moving. .-.-...-- M2 2; 6 12 72 | 12.499 | 0.076s | 0.9543 | 0.956, | 0. 921¢ 0. 034, 
Do. M3 2 7 14 98 | 10.030 . 070; | 1.0294 . 9967 . 981s - O15y 
| RSET Re. $1 2/14 28 392 | 19.97 .054¢ | 1. 528 1. 580 | 1,529 . 051 
| eS S2 2) 14 28 392 | 19. 96 . 0545 | 1. 522 1. 579 1, 529 . 050 
Do L3 2 | 17.972 36 647 | 25.00 -05lo | 1.943 1. 969 1. 833 - 186 
4 eee L4 2 | 17.972 36 647 | 25.00 . 0536 | 1.925 1. 965 1. 927 . 038 












































* The computed width of the winding is the product of the total number of turns per layer and the 
diameter of the wire over the insulation. 
> In all computations of the force the axial width of the coil was assumed to be equal to the width of the 


winding channel. 


All coils were of enamel-insulated wire wound bifilarly on brass 
forms. A channel having approximately the dimensions desired for 
the finished coil was turned in each coil form. The bottom and 
sides of the channel were insulated with a thin layer of paper. Two 
wires entered the bottom of the channel from axial holes which were 
at opposite ends of a diameter. The correct number of turns for the 
bottom layer was wound, then each wire was brought up to the next 
layer at a predetermined 
point. In most coils this 
point was on the radius at 
which the winding started. 
However, in coils L3 and L4 
__, this was not the case, but 
| | | in each layer the wire was 

‘A brought up for the next lay- 
er at a point 10° (one thirty- 
sixth of a turn) before reach- 
ing the radius at which the 
layer started. In every coil 
there was the same number 
of turns in each of the two 
‘ mane sie at td + altlles windings. The end of each 

IGURE -—Crossseciton 0 é jorm oj a tar M ; 
fixed coil at a terminal block, showing the tei pea 4 Rega a gs re 
The channel in which the wires were wound is A; the water form on the same radius as 
ghannel iB, he leat comectns paves’ the beginning of the wind 
drops of solder: af wand b for normal operation; at bande ing. ‘Terminal blocks were 
so mounted that the exter- 
nal leads could be held in a definite position and could be soldered 
to the leads from the coil. The form of a terminal block is shown 
in figure 3. 

In winding the coils, one or more strips of ‘‘onionskin” paper about 
0.05 mm thick were placed between layers. In order to prevent 
moisture from penetrating the coil, the winding was carefully sealed 
by the following method: ‘“‘. 
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of wire was saturated with paraffin melted in with a clean hot soldering 
copper, the paraffin being well melted to the sides of the form. Then a 
strip of muslin, well soaked in a hot mixture of beeswax and Venice 
turpentine, was wrapped around the coil and melted to the underlying 
paraffin; over the whole was wrapped a strip of binder’s cloth soaked 
in hot paraffin and melted to the muslin and form.” ™ The sealing 
of the coils has not been disturbed since 1910. In this investigation 
there has been no indication of any imperfection in this sealing. 


(b) COIL MOUNTING 


As shown in figures 1 and 2, the fixed coils were supported from the 
marble top of the coil case, and the moving coil was suspended from 
a pan of the balance. The two fixed coils were maintained parallel 
and approximately coaxial by three spacing rods, and were attached 
to the marble top by supporting rods. <A separate set of spacing rods 
of uniform length was required for each coil combination, the length 
being such that the electromagnetic force of each fixed coil on the 
moving coil is a maximum when the moving coil is midway between 
the fixed coils. The supporting rods permitted the leveling of these 
coils. ‘The suspension of the moving coil was a tube, the upper end 
of which was attached to a pan of the balance and the lower end of 
which carried a tripod. The moving coil was attached to the feet 
of the tripod by adjusting screws which permitted the coil to be 
leveled. 


(ec) COOLING SYSTEM 


A cooling system in which water was circulated in a closed circuit was 
arranged to carry off the heat that was produced by the current in 
the coils. The water, returning warm from the current balance, 
flowed through a cooling coil to lower its temperature, then into a 
tank in which the water was thoroughly stirred and carefully thermo- 
stated, the regulation being to about 0.02° C. The water was then 
pumped by a centrifugal pump to a distributing point inside the coil 
case. At the distributing point there was a connection to each of the 
fixed coils and to the water jacket of the moving coil, each of which 
had a separate return to a junction point from which the water was 
returned to the cooling coil. In the return circuit of each coil was a 
valve for regulating the flow, a flowmeter for measuring the flow, and 
the coil of a resistance thermometer for measuring the temperature 
of the water. The temperature of the water when it reached the 
distributing point was measured by a fourth resistance thermometer. 

The cooling water for each fixed coil was circulated through a 
channel in the form on which the coil was wound, as shown in figure 3. 
The water entered the channel at one end of a diameter and left at 
the opposite end so that the circulation was in opposite directions in 
the two halves of the circumference. As a result, the temperature 
distribution in the form was not exactly uniform. As an example, 
with 1 ampere in the large fixed coils, the temperature of the out- 
flowing water was 0.5° C. higher than the inflowing. The nonuni- 
formity in temperature caused a slight distortion of the coil which, if 
appreciable, would cause the results with different currents to be 
different. In no case was any distortion indicated. 





2 See p. 286 in reference of footnote 8. 
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Two different types of water jackets have been used for cooling 
the moving coil, and in addition weighings have been made without 
any water jacket. The first water jacket consisted of a double-walled 
copper cylinder having a metal top and bottom with the water circu- 
lating in the space between the two walls. In this water jacket, 
cooling was effected in part by radiation and in part by convection 
currents which were set up in the air inside the jacket. These con- 
vection currents were not always sufficiently steady to permit the 
most accurate weighing. The second type of water jacket, shown in 
figure 4, consisted of a channel in a solid piece of brass to which was 
soldered a spiral copper tube, in which water was circulated. With 
the coil in this channel, the balance was very steady although the 
temperature of the coil was somewhat higher than when used in the 
open air or in the cylindrical water jacket. The type of water jacket 
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Figure 4.—The second type of water jacket, consisting of a channel in a piece of 
brass. 


A section is removed to show the.moving coil and its mounting. The coil was placed near the bottom 
of the channel, so that air currents were minimized. The water jacket was cooled by water flowing in 
the copper tube that was attached to the outside of the channel. The transfer of heat from the brass to 
the copper tube was facilitated by soldering the tube to the brass. 


produced no effect on the result, but the balance was somewhat 
steadier when the second type was used. 


III. ELECTRICAL CIRCUIT OF THE CURRENT BALANCE 


The electrical circuit of the current balance was arranged to meet 
the following conditions: (1) The operator should be able to maintain 
a constant current; (2) the operator should be able to measure the 
current in B.S. international amperes by direct comparison with a 
standard of resistance and a standard cell; (3) the operator should 
be able to remove a weight from the pan of the balance at a time so 
nearly simultaneous with the reversal of the current in the fixed 
coils that the swinging of the balance would not be greatly disturbed; 
(4) the leads connecting the moving coil to the rest of the circuit 
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should be of such a character as not to affect materially the sensitivity 
or reliability of the balance; (5) those parts of the circuit in which 
thermoelectromotive forces would affect the result should be so 
designed that these forces would be a minimum; (6) the insulation 
resistance between the balance coils and ground should be so high 
that the effect of leakage currents would be negligible; (7) the frame 
of the moving coil should be at the same potential as the surrounding 
water jacket so that electrostatic forces in the balance would be 
eliminated ; (8) the leads should be arranged to have as small a magnetic 
field as possible. These conditions were met with as simple a circuit 
as could be devised. A diagram of the circuit is shown in figure 5. 


ci ----- alt (6) 
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FiagureE 5.—Electrical circuit of the current balance. 


The current in the current balance coils and the resistance standard, R, was adjusted by the rheostat, B, 
until the fall in potential across R was exactly equal to the electromotive force of the standard cell, E, 
as shown by the zero deflection of the galvanometer, G. In this manner the current was measured 
directly in B.S. international amperes by the ratio of E to R. The ammeter, A, was used for obtain- 
ing a rough adjustment of the current. The circular reversing switch, S, reversed the current through 
the fixed coils only, thus reversing the electromagnetic force on the moving coil. 


1. CONSTANCY OF CURRENT 


The constancy of the current depended largely on the storage 
battery which was used as a source, but was influenced to some extent 
by the temperature conditions in the copper portions of the circuit. 
The battery which gave most satisfactory constancy was a 100-volt, 
400-ampere-hour lead storage battery. The current changed so slowly 
that the operator could maintain it constant to a part in a million 
by adjusting a resistor once or twice a minute. 


2. MEASUREMENT OF THE CURRENT IN B.S. INTERNATIONAL 
AMPERES 


The current was measured in B.S. international amperes by com- 
paring the potential drop produced by it in a standard resistance 
with the electromotive force of a standard cell. As shown in figure 
5 a standard cell, E, in series with a key and sensitive galvanometer, 
was connected directly to the potential terminals of a four-terminal 
resistance standard, R. The current was then adjusted by the rheo- 
stat, B, until the deflection of the galvanometer was zero. For this 
condition the current, I, in B.S. amperes was equal to E/R, where EF 
is the B.S. value for the electromotive force of that particular standard 
cell, and R is the B.S. value of the resistance of that particular 
standard resistor. 

The standard resistors used in this set-up were specially designed 
to carry a large current without change in resistance. They were 
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made of manganin strip 5 millimeters wide, and thick enough to give 
the desired resistance in a length of about 5 meters. This strip was 
wound between a series of insulated posts and the whole immersed 
in oil maintained at a constant temperature. The temperature 
coefficient of resistance was usually about 5X 10~* per degree centi- 
grade and the load coefficient about 1 x 10-® per watt. In order that 
the current could be determined to a part in a million, the temperature 
had to be measured to 0.2° C and the power to 1 watt. These 
resistors were frequently measured by the resistance section of this 
Bureau. Their value at any particular time was known to one or 
two parts in a million. 

The standard cell employed at any particular time was compared 
on the day of use with the reference standards of this Bureau. In 
many of the measurements, there was used a standard cell located 
in the same bath as the primary group of standard cells, the connection 
to the current-balance circuit being made through a specially insulated 
line which connected the observation room with the standard-cell 
laboratory. In the rest of the measurements, there was used one of 
a group of three standard cells (neutral saturated cadmium cells) 
which were kept at the bottom of a well extending 3 meters below 
the floor of the laboratory. The daily drift of temperature of the 
cells as measured by a resistance thermometer was never more than 
0.02° C. In no case did the change in temperature between time 
of use and time of comparison with the standard group amount to 
as much as 0.01° C, which would change the electromotive force of 
the cell less than 4 microvolt. 

The cell employed in any set of observations was connected almost 
continuously for several hours. Small currents, seldom more than 
0.01 microampere, passed through the cell, sometimes in the positive, 
sometimes in the negative direction. No change in the electromotive 
force of the cell due to this cause was ever detected. 

The sensitivity of the galvanometer was 0.8 radians per micro- 
ampere and its external critical damping resistance was 500 ohms. 
At a scale distance of 6.2 meters a current of 2 10-* ampere produced 
1 centimeter scale deflection. Since the resistance of the galvanome- 
ter was about 42 ohms and that of the standard cell about 500 ohms, 
an unbalanced electromotive force in the galvanometer circuit of 1 
microvolt, corresponding to a change in the current through the 
current balance of a part in a million, produced a deflection of nearly 
1 centimeter. The galvanometer had ample sensitivity and, as 
normally used, was critically damped. 

A disadvantage of the method just described for measuring the 
current in B.S. amperes was its lack of flexibility. For a given resis- 
tance and standard cell, a definite current was required. With this 
current and a given set of coils in the current balance, the weight 
necessary to counterbalance the electromagnetic force was fixed. 
Hence a weight had to be constructed for each resistance that was 
used in conjunction with each set of coils. Twelve weights were made, 
the nominal values of which are given in table 2. Extremely precise 
adjustment of the weights is not necessary since differences in force 
as large as 1 milligram could be sbbclnat from changes in the rest 
point of the balance. 
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TABLE 2.—Nominal masses of weights used with different resistances and different 
coil combinations 














nil a ar , siti | 3 R=1o0hm R=1.5 ohm R=2.0 ohm 
Coil combination Composition | Density 7=1.018 amp 7=0.679 amp 1=0.509 amp 
Percent g/ec grams grams grams 
Cpl: ft SSS eee a ee 90 Au 10 Pt 19.5 8.81 3.91 2. 20 
Oe SS cinta coc e cde anes 90 Au 10 Pt 19.5 10. 55 4. 68 2. 64 
boy FES a ees. 90 Pt 10 Ir 21.5 11. 92 5. 29 2. 96 
Far). Ce See 90 Au 10 Pt 19.5 8. 43 3. 75 2. 09 

















3. REVERSAL OF CURRENT IN THE FIXED COILS 


The reversal of the current in the fixed coils presented both an 
electrical and a mechanical problem. The reversal should not produce 
such high induced electromotive forces as to endanger the insulation 
of the coils, and the effective time of reversal should so nearly coincide 
with the time at which the weight is added or removed that no large 
change would be produced in the amplitude of swing of the balance. 
Both of these problems were solved by the use of a step-by-step 
reversing switch which was mounted on the same shaft as a cam which 
controlled the addition or removal of the weight. The reversing 
switch “ was of the rotary type so designed that a rotation of about 
160° first decreased the current in five steps to about one tenth its 
original value, reversed this small current, then increased it to its 
original value in five steps. The complete operation of the switch 
could be accomplished in a fraction of a second. The cam of the 
weight lifter was so oriented on the shaft of the reversing switch that 
the weight would be added or removed at the proper time. An 
operator learned from experience the position in the swing of the 
balance at which a certain speed of rotation of the shaft produced a 
minimum disturbance of the balance. The reversal did not ordinarily 
change the amplitude of swing by more than a few centimeters on 
the scale. The amplitude of swing could be adjusted from the 
observation room by means of air jets under the pans. Any lateral 
swinging of the pans could be observed by an auxiliary optical 
system and could be damped by lightly pressing against the pan a 
camel’s-hair brush which could be operated from the observation 
room. 

4. LEADS TO THE MOVING COIL 


The moving coil was connected to the electrical circuit at terminals 
in the balance case from which flexible leads extended to terminals on 
the pan of the balance. Rigid leads, passing through the tube that 
supported the moving coil, connected the terminals on the pan to 
wires that were connected to the windings of the coil. The sensitivity 
of the balance was not affected by the rigid leads, but was affected 
by the flexible leads. The flexible leads were made as pliable as 
possible in order that they would produce a minimum effect on the 
sensitivity of the balance, and were so arranged that air currents 
produced by the heating of them did not appreciably disturb the 
balance. They consisted of two sets of fine copper wires, each set 
extending from a terminal in a terminal block mounted on the balance 





18 See p. 295 in reference of footnote 8. 
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pan to a terminal in an identical block on the balance case. Each 
terminal block consisted of two strips which were cut from a threaded 
brass tube and which were insulated by being attached to opposite 
sides of two short amber cylinders. About 36 copper wires each 
0.025 mm in diameter extended from each strip of one block to the 
corresponding strip of the other block. The strips on the pan were 
connected to the rigid leads of the moving coil, while the strips in the 
balance case were connected to the main circuit. A sketch of the 
leads showing their relation to the weight lifter and balance pan is 
given in figure 6. 

In order to construct a set of leads, the terminal blocks were re- 
moved from the balance and mounted in a frame which held them 
8 centimeters apart. The fine copper wire was wound around the 
two cylinders, the spacing between wires being 1 or 2 millimeters. 
The wires were soldered to the strips, then the portions of wire be- 
tween the two strips of each block were removed. The two sets were 
then mounted in the balance with the strips horizontal and the wires 
were annealed by heating to a dull red by passing a current through 
them. During the annealing process, a small glass rod was placed 
on each of the two sets of wires, the upper and the lower, so as to 
obtain uniformity in the shape of the system of wires. The two sets 
when connected in series had a resistance of about 0.13 ohm. The 
heat generated in these wires by the current was sufficient to cause, 
in the air, appreciable convection currents which were deflected away 
from the balance beam by a shield placed directly above the wires. 
However, there was a buoyant effect on the leads themselves which, 
with a current of 1 ampere, produced a force on the pan of the balance 
of 0.15 mg. This force was very constant, thus introducing no diffi- 
culty in making a weighing and producing no error in the result since 
it was independent of the direction of the current. 

In addition to the current leads just described, there were two 
potential leads connected to the terminals of the winding of the 
moving coil, and one grounding lead connected to its frame. The 
portion of each of these leads which extended from the balance case 
to the pan consisted of a single fine wire. The potential leads were 
used in measuring the resistance of the moving coil. The grounding 
lead was used to connect the frame of the coil to earth. 

The flexible leads appreciably affected the sensitivity of the balance. 
In one case a sensitivity of 2.2 em/mg was reduced to 1.2 em/mg by 
installing a set of leads. However, sufficient sensitivity could always 
be obtained by adjusting the center of gravity of the moving system 
of the balance. 





5. THERMAL ELECTROMOTIVE FORCES 


The only part of the circuit in which a thermal electromotive force 
would influence the result was the closed loop which included the 
standard cell, galvanometer, and standard of resistance. All parts 
of this loop were of copper except the standard resistor and standard 
cell, both of which were kept at a constant temperature. The con- 
ducting parts of the galvanometer were entirely of copper, and all 
keys, switches, and binding posts were made of copper. ‘Two different 
tests were used to determine the thermal electromotive force in this 
loop. In the first test, a series of observations was made in which 
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the storage battery and standard cell were reversed at the end of each 
observation. Several such series were made, and in no case was the 
indicated thermal electromotive force more than 2 or 3 microvolts, 
which was within experimental error. In the second test, the stand. 
ard cell was replaced by a 500-ohm copper coil. With the current 
balance circuit disconnected from the terminals of the standard 
resistor, the deflection of the galvanometer was observed. In no case 
was the thermal electromotive force in the loop as large as 1 microvolt, 
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6. INSULATION RESISTANCE 


The insulation resistance was measured not only between the two 
windings of each of the coils, but also between the circuit and ground. 
The resistance between windings was always sufficiently high to 
insure that there was no appreciable leakage between turns. The 
resistance to ground was frequently measured to make sure that 
leakage currents were so small that they would not affect either the 
force pas in the current balance or the reading of the galvanom- 
eter. roduce a measurable effect on the force measured in the 
current rake nce and hence on the absolute value of the current, the 
leakage current must be of the order of one microampere which is 
many times the largest ever observed. However, a thousandth of a 
microampere through the galvanometer would make a deflection of 5 
millimeters on the galvanometer scale, which would affect the meas- 
urement in B.S. international amperes, of the current through the 
current balance, by nearly a part in a million. By grounding the 
main circuit between the resistance standard and the battery, no part 
of the galvanometer loop was different from earth potential by more 
than 1 volt, so that if the insulation resistance between this loop and 
ground was more than 1,000 megohms, the leakage current did not 
appreciably affect the galvanometer reading. As the measured insu- 
lation resistance to ground was never less than 6,000 megohms, the 
leakage current never appreciably affected the galvanometer reading. 


7. ELECTROSTATIC FORCES 


Electrostatic forces between the moving coil and surrounding 
bodies were avoided by grounding all the metal parts which were not 
a part of the circuit. The grounding of the frame of the moving coil 
was particularly desirable since its windings were completely insu- 
lated from the frame, and the frame was insulated from earth by the 
agate plane of the balance. This grourding was accomplished by 
means of a separate flexible lead as already described. 


8. MAGNETIC EFFECT OF LEADS 


In order to minimize the magnetic effect of the leads carrying the 
current to each of the coils, the conductors in the neighborhood of the 
current balance were all made from twisted pairs of wires. An excep- 
tion was the flexible leads which carried the current to the moving 
coil, but these were so far distant from the coils that the electro- 
magnetic force resulting from them was small. The effect of the 
leads on the measured force was experimentally determined for every 
set-up by a method described later. 
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IV. COMPUTATION OF THE MAXIMUM FORCE FOR UNIT 
CURRENT 


The computation of the maximum force between the coils of a 
current balance when unit current flows through each of them may 
be considered under three headings: (1) The maximum force between 
two circular coaxial filaments; (2) the maximum force between two 
coaxial coils of finite cross section; (3) the maximum force between 
three maladjusted coils; i.e., two fixed coils and one moving coil, the 
fixed coils being not exactly coaxial and not quite at the correct 
spacing, so that at no position of the moving coil can both exert th¢ 
maximum force on it. The first two of these were computed from 
observed data taken on the coils before mounting them in the current 
balance. The effect of lack of coaxiality and of variation from the 
position for maximum force was determined from experimental data 
taken in the course of weighings. 


1. MAXIMUM FORCE BETWEEN CIRCULAR FILAMENTS 


The maximum force between two filaments located at the circum- 
ference of coaxial circles is a function of the ratio of the radii of the 
circles and of the currents in the filaments. This force for unit cur- 
rent in each filament can be expressed in mathematical notation by 
use of the following symbols: “ 

Let a, = radius of the filament at the circumference of the larger circle 

malig of the filament at the circumference of the smaller 
circle. 
a=4d,/a,=ratio of radii of the filaments (always less than unity) 
Zm=the axial distance between the circular filaments when the 
force is a Maximum 


Ym os =ratio of axial distance for maximum force to the radius of 


by 
the larger filament 
I, = force in dynes between the filaments carrying unit current in 
the cgs electromagnetic system when the distance between 
their planes is such as to give the maximum force. 
The units used in measuring the radii are immaterial so long as the 
same unit is used for both since only the ratio enters the formula. 
Then Maxwell’s elliptic-integral formula can be written as 
TY mk (2 —k? 
Pn etl — 


where K and E are the complete elliptic integrals of the first and 
second kind, respectively, to modulus * and 


E-2K| (1) 


4a 


= Fa) tot @) 





The formula for F,, is expressed as a function of a and ym. How- 
ever, it can be shown that y,» is also a function of a so that F, is a 


4 The nomenclature used in this paper corresponds with that used by Snow (footnote 25). This is some- 
what different from that used by Rosa, Dorsey, and Miller (footnote 8), and by Grover (footnote 15). 
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function of aonly. No formula for computing F’,, has been developed 
which does not first require the computing of y,. An exact formula 
for computing ¥,, as a function of a has been given by Grover who 
also gives a table of y, as a function of a. The following empirical 
formula derived from Grover’s table gives y, with an accuracy of 
at least a part in a thousand in the indicated range of a, which ac- 
curacy is sufficient for computing F’, to a part in a million. The 
formula is 


Bureau of Standards Journal of Research (Vol. 12 








Yn = 05-3 a? — at! 0<a< 0.75 (3) 


It has been shown " that a variation in ¥ produces a variation in 
F ,, which is given by the equation 


AF, Ayn\* 
72 ~~) (4) 


where ¢ varies between 0.6 and 0.7 for the values of @ used in this 
investigation. This equation substantiates the statement of the 
required accuracy in y», that was made in the previous paragraph, 
While 7, does not need to be accurately known, the value of a is 
required with great precision. This can be seen from the formula 


AF, _ Ae 
F,, SS (5) 


where ¢« varies between 2.0 and 4.2 in the range of a considered. 
Actual values of e for the coils used are given in table 11. 

The values of the elliptic integrals necessary for computing F,, 
are given in various tables, but only in Legendre’s ® with sufficient 
accuracy, since the difference of two quantities having about the 
same value is required. The interpolation in Legendre’s tables 1s 
exceedingly laborious. Rosa, Dorsey, and Miller™ used these 
tables for computing their table XXX from which F’,, can be deter- 
mined, but the range of the table is not sufficient to cover one combi- 
nation of coils used in this investigation. Grover” has given, for 
the entire range of a, tables which are easy to use and by which all 
values of F',, in this paper have been computed. However, all values 
have been checked by a method based on the use of arithmetico- 
geometric means *' for computing the elliptic integrals. This method 
so simplifies the computation of F',, that the use of auxiliary tables is 
unnecessary. 

The first step of the computation is to form a table of arithmetico- 
geometric means defined as follows: (Note that the a’s in this table 
are not the radii of the coils). 





15 B.S. Bull., vol. 12, p. 317, 1915. 

16 Equation 64 on p. 344 of Grover’s paper. Reference, footnote 15. 

17 The e in the formula is the same as the e given on p. 330 of the paper describing the work in 1911. Ref- 
erence, footnote 8. 

18 A photographic reproduction of the original tables was published by K. Wittwer, Stuttgart, in 1931. 

19 Reference footnote 8. 

20 Reference footnote 15. dex 

2 For a complete discussion of the method see King, On the Direct Numerical Calculation of Elliptic 
Functions and Integrals. Cambridge Univ. Press, 1924. See also Grover, Phil. Mag., series 7, vol. 15, p. 
1115, 1933. 
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ad =1 b=V1-k q=k 

ay = (dy + bo) b= V.dobo C1 = 4(do— bo) 
2 = 'y(a, + by) bo = Vayb C2 = (a; — by) 
3 = '4(d2 + be) bs = yd2b, C3 = ¥4(d2— be) 
by bn Cn 


The values of a, rapidly approach those of 6,, so that c, approaches 
zero. When a=0.75, a, differs from b, by less than a part in 10 
million; for smaller values of a, the difference is less. In most cases 
the table does not need to be computed beyond a;. Then by sub- 
stituting, in equation 1, the values of the elliptic integrals, K and E, 

as given by the arithmetico-geometric means, 


"aan Va 
The following example in which the value of a is the largest of any 
used, illustrates the method of computation. 
Example: Computation for coils S1 M2 
a= ().6258941 
By formula 3, four significant figures of the value of y,, can be ob- 
tained, so that for the computation 


Yn =0.3141000 


k*—2 (2—k?) (c,? + 2c,” + 4¢3?+ Sle HiRie )} (6) 


By formula 2 
k? =0.9129842 

Forming the table of arithmetico-geometrical means 
a=1 bp = 0.2949845 Cy = 0.9555021 
a, = 0.6474922 b, =0.5431247 ¢; = 0.38525078 
a, = 0.5953085 b, = 0.5930169 C2 = 0.0521837 
a3 = 0.5941627 b,=0.5941616 c;=0.0011458 
a,=0. sory b,=0.5941621 c,= 0.0000006 

Since @,=6,; @.=Gs=+ +--+ + -=y. 

Substituting in Setthihe 6 





hy 0.1242617 
2c.2= 0.0054463 
4c,’ = 0.0000053 
c;” + 2c," + 4¢,? = 0.1297133 
2(2—k?)= 2.1740316 
k,= 0.8335401 
7) (¢;" + 2¢,? + 4c;”) = 0.2820007 
a” ted +4e,2)= 0.5515394 
TY mk = 2.962097 
4a,(1—k?)Va= 0.1636115 
TY mk 
=18.10446 
4a,(1—k?) Va 
F', = 18.10446 X 0.5515393 


= 9.985322 dynes for a cgs unit of 
current in each filament. 


te Be 
Ee 
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The constants entering into the formula do not all have to be com- 
puted with the same accuracy. For instance, the value of y, need be 
known only with an accuracy of a part in a thousand to give an accu- 
racy of a part in a million in the value of F,,, as shown by formula 4. 
However, it is important that the value of y, should be used in the 
computation as though it were known to a part in a million, since it 
enters as a factor in the final product. Other factors also depend on 
Ym So that the effect of small changes in its value will be compensated 
in the final result. The value of F, also depends on the factor 
(1—k’). But since, in the example, k’ is more than 0.9, its value must 
be given to a part in 10,000,000 if 1—k? is to be known to a part in a 
million. In this case, the last figure in the value of k? is unimportant, 
but the value chosen must be used throughout the computation. 

The value of F, agrees with that obtained by using Nagaoka’s for- 
mula ” and also by interpolation in Grover’s tables. The value is 
doubtless correct to at least a part in a million. The value of a used in 
this computation required an unfavorable interpolation in the tables 
of Nagaoka and Sakurai™ so that a slightly different .result was 
obtained by their use. 
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2. MAXIMUM FORCE BETWEEN COAXIAL COILS 


The maximum force, §,,, between two circular coils having rectan- 
gular cross sections and carrying unit current in each turn, is, to a first 
approximation, equal to the maximum force, F,,, between two fila- 
ments carrying unit current and located at the geometric centers of the 
cross sections of the coils multiplied by the product of the number of 
turns in one coil and the number in the second. A second approxima- 
tion can be obtained by adding a function which includes, in addition 
to the ratio of the radii of the circular filaments, the ratio of each 
cross-sectional dimension to the radius of its filament. A further 
refinement takes account of the fact that, for coils of finite cross sec- 
tion, the axial distance for maximum force may not be the same as the 
corresponding axial distance for the filaments located at the centers 
of their cross sections. A formula which takes all these factors into 
account was derived *° on the assumption that the coils were composed 
of a number of circular hoops of insulated wire arranged within a rec- 
tangle of dimensions 2b and 2c (see fig. 7), all the nm hoops being cut 
by a radial plane in which the current is transferred from hoop to hoop 
and in which the current enters and leaves the coil. The same current 
flows in each hoop, and the magnetic field is symmetrical around the 
axis of the coil. The equation is * 


(2A"2)’ 
22 
In this formula the symbols have the following significance: 


n, and n.=number of turns of wire in the larger coil and the smaller 
coil, respectively. 


Fa MMaP | 1+ Bat At (7) 





2 Phil, Mag., vol. 6, p. 19, 1903. Also given in Grover’s paper. 
% See table 4, p. 372, of Grover’s paper. Reference footnote 15. panne 
% Sci. Papers of Inst. of Phys. and Chem. Research, Tokyo, table no. 2, 1927. Values of ~ _ F are tabu- 





lated as a function of k?. 
2 C. Snow, The Attraction Between Coils in the Rayleigh Current Balance, B.S. Jour. Research, vol. 
11, p. 681, 1933. This formula was developed as a part of this research. : 
#* The subscripts 2 and 4 for the A’s were chosen because A: represents the second-order terms in the Taylor 
expansion, while A, represents the fourth-order terms. The term in A’: takes account of the fact that the zm 
used with the coils is not the same as the z» calculated for the filaments. 
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F,,=the maximum force for unit current in two filaments 

located at the centers of the cross sections of the coils. 
(See equation 1 or its equivalent equation 6.) 

a, and dg=the mean radii of the larger coil and the smaller coil, 
respectively, 

b, and b,=one half the axial width of the larger coil and the smaller 
coil, respectively 

c, and ¢,=one half the ato depth of the larger coil and the smaller 
coil, respectively, 








a= 2/a, 
A’=a,?+a,? (8) 
1—@ 
i 14+2@ (9) 
es . R 7 
Ym=0.5— 55 a? — Feat if 0<a<0.75 (10) 
Ym 
V¥1+e (11) 
, = Zero” 
3B? — 227 . 
Me Be Da +a oc 
42? + do(1 12+ 102?— 8?) 
oe tat (13) 
162°As(0? + 1) ~ 32*04(232"+ 8) 
— «B+ 2274+ at (14) 


2 
Eee ae That 25! + b,? a ”) — 3¢,"] (15) 
1 
[5 (be +b? — ¢,*) — 3¢,? ]+5 “1506.24 + bs? — ¢;”) — 3¢27] (16) 
B;= =4, $[9e.2 + 150.2 —10(b,2+ b)|+< “4 [9¢8+ 15 i)” — 10(6,? + 6,*)] (17) 
1 


a 1106.2. + by?e,”) — 10(6;? — ¢,”)(b.? — 2?) — 36,4 + e:* + b.* + 2*)] (18) 


2 2 2 aa 
[= ~ os [e+ cr aa <3 De (19) 


a; 4 a; 


1 
ame PE 








Se Zag ata NM BBB: wa arhicr 5a Sra) Po 66B,) (20) 


zA,’= TELE -)s E A) nae 24) © oat i Se a 2), (21) 


7 In the general equation for the force at any distance as developed by Snow, the coefficient A: appears. 
For the position of maximum force which is considered in this paper, \; equals zero, and the expressions 
for da, As, and dy are simplified. 
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The values of F'n, A2, As, and §m for each pair of fixed and moving 
coils used in this investigation are given in table 13, p. 727. 


3. MAXIMUM FORCE FOR THREE MALADJUSTED COILS 


In a current balance of 3 coils, the 2 fixed coils held rigidly together, 
it is impractical to adjust the coils so that each fixed coil is placed in 
the exact position relative to the moving coil which was assumed in 
deriving the formula for the maximum force (§, of equation 7). 
Some of the adjustments can be made with sufficient accuracy, but 
for others, corrections must be made to the maximum force to allow 
for the maladjustment. Hence a discussion of the effect on the maxi- 
mum force of all the possible maladjustments of each of the coils will 
be given, together with methods for determining the corrections for 
these maladjustments. 

Each of the three coils used in the current balance can be considered 
as a solid having 6 degrees of freedom. Any change in position of a 
coil can be completely described by giving 
the translations of the center in the direction 
of three coordinate axes and the rotations 
relative to the same three axes. However, 
the rotation of a circular coil around its axis 
does not influence its magnetic effect be- 
cause of its symmetry with respect to this 
axis. Hence, if 1 of the coordinate axes 
coincides with the axis of the coil, only 5 con- 
stants (3 translations and 2 rotations) are 
required to completely describe any mag- 
Fiaure 7.—Method of defin- etic effect of the coil. For this reason, a 

ing the cross-sectional di- Coil as used in a current balance is said to 

mensions of a rectangular have 5 degrees of freedom. It follows that 

— ae with round in- with 3 coils there are 15 independent adjust- 

ae ments but of these the 3 translations of 1 
The axial width is 2 and the radial of the coils can be given arbitrary values. 

depth is 2c. In each case, the di- ’ = ea: <2 es 
mension is the product of thenum- Hence, there are only 12 independent ad- 
ber of wires times the distance be- jystments which must be accurately made 
or for which corrections must be applied to 
the computed force because of their maladjustment. The adjust- 
ments for the two rotations of each coil relative to the horizontal axes 
were made by levels. The permissible error in each of these two ad- 
justments is + 5’, a condition which was readily met. 

With the 6 rotations correctly made, there remain the adjustments 
for 6 translations, 3 for the moving coil and 3 for one of the fixed coils. 
If the adjustments were perfect, the centers of the coils would be on 
the same vertical axis and at such a distance apart that the force 
between each fixed coil and the moving coil is a maximum. Instead 
of attempting to make perfect adjustments, it was more convenient, 
in some cases, to make approximate adjustments and to apply small 
corrections for any maladjustments that remained. In order to ob- 
tain the corrections for these maladjustments, a series of determina- 
tions of the force was made with different positions of the moving 
coil, but with a constant current in the coils. The data were inter- 
preted by a graphical method. 

The principle underlying the graphical method can be illustrated by 
considering the force acting on the moving coil when the three coils are 
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coaxial and the distance between the fixed coils is so large that when 
the moving coil is in the midplane neither coil exerts its maximum 
force. The coil arrangement is shown in figure 8. The two fixed 
coils, 1 and 2, are so nearly identical, that the value of z, may be 
taken as the same for both coils. The force, §, on the moving coil 
at a distance z from one of the fixed coils is less than the maximum 





Figure 8.—Nomenclature when the large coils are not correctly spaced. 
force, }m, between these coils by an amount which, as a first approxi- 
mation,”*, depends on the square of the displacement from the position 
of maximum force. Expressed as equations 
013 = OW ml — (21 — 2m)" = Full — YO— $7] (22) 
23 = (Fmt €)[L — y(22— 2m)" = (Fmt [LL — ¥6+ £)7] (23) 





where 
513 =the downward force between coils 1 and 3 if the distance 
between them is 2, and the current is in the same direc- 
tion in both coils 
}23 = the downward force between coils 2 and 3 if the distance 
between them is 2, and the current is in opposite direction 
in the two coils 
m= the computed maximum force between coils 1 and 3 
e=the small amount by which the computed force between 
coils 2 and 3 is larger than that between 1 and 3 
Zm=the distance between a fixed and a moving coil for maxi- 
mum force 
y= a positive constant, the value of which does not need to be 
known 
56= the distance from the midplane to the position of the maxi- 
mum force. The sign of 6 is positive if 2; + 2: >22m 
¢=the displacement of the moving coil below the midplane. 
The above equations can readily be derived by Taylor’s theorem 
since, at the maximum, all derivatives except the second are negligible. 
The force was not measured for each coil separately, but first for 
the two fixed coils so connected that the force on the moving coil 
was the sum of the two forces and then with the current in one fixed 











* On p. 380 et seq, of the 1911 paper, it is shown that this approximation is sufficiently accurate. A com- 
plete discussion is given there of these corrections. Reference footnote 8. 
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coil reversed (in coil 2 in equation 25), giving the difference of the two 
forces when the current is in the same direction in all three coils. 
Then, neglecting the term which is the product of ¢ and another small 
quantity, the equations of the sum and difference of the forces are: 
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os= Bis + Fo = 2K mil —y@+s?)] +e (24) 
Oa gi 13 aes 23 = ¥ ml4y55] Tue (25) 


For both the above arrangements, observations of the force were 
made at several values of ¢ so that curves could be plotted with ¢ as 
abscissa and §, or §¢ as ordinates. For the mathematical treatment, 
each of these quantities (§,, § 4, and ¢) will be considered as a variable. 
Hence, equation 24 is a parabola with the maximum value of § Us where 
¢=0. Equation 25 is a straight line the slope of which (4 §» 6) is 
positive if 6 is positive. Taking derivatives of equations 24 and 25 


dé; ox Ce 92 

dt ie? 4% mf (26) 

da _ oa 97 

dt 48m (27) 

When these derivatives are equal, ¢=—6. To find the value of ¢ at 


which the two derivatives are numerically equal, the experimental 
data obtained for both §, and §, by varying ¢ are plotted on the same 
sheet using the same scale in each plot, but not necessarily with the 
same origin of coordinates. Typical curves are shown in figure 9. 
A straight line is drawn parallel to the line representing §¢ as a 
function of ¢ at such a position that it is tangent to the parabola 
representing vs as a function of ¢. The value of ¢ at the point of 
tangency gives the value of 6, since at this point the derivative of 
vs 1S numerically equal to the derivative of a. In figure 9, the value 
of 6 is given by the distance be. 

The same curves can also be used to determine the difference be- 
tween the computed maximum force 2§,+«¢ and the measured maxi- 
mum force ¥sm. When ¢= +6, the moving coil is at the position for 
maximum force with respect to one fixed coil, and at a distance 26 
from the position for the other coil. Substituting the value of ¢ in 
equation 24, the following equations result: 


When + £=5, %=2%m (1—278") t« (28) 

When ¢=0, §sm=28m (1— 8") + € (29) 
Eliminating y between these equations, and rearranging 

25 m+ €= Fmt (Tsm— Fs) = Fam t+ AF (30) 


The value of Aj is given by the distance ab on the curve of figure 9. 
The correction Af is the amount that must be added to the maximum 
value of the measured force to obtain the value that would have been 
measured had the fixed coils been correctly spaced. 

The reasoning used above can be applied when the two fixed coils 
are not exactly coaxial. In this case, the sum of the forces is a mini- 
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mum when the axis of the moving coil lies midway between the axes 
of the fixed coils, so that the sign of the correction terms in the force 
equations is positive instead of negative as given in equations 22 
and 23 and hence the sign of A¥ is negative instead of positive. 
The displacement of the fixed coils from the coaxial position was 
resolved along two horizontal axes, and corrections applied for each 
of these axes. The method of finding the amount of displacement and 
the correction for this displacment is the same along each horizontal 
axis as the method described for the distance between the coils, ie., 
the vertical axis. 


13 


ifference of Forces 


1.2 


1.0 


08 O9 


Sum of Forces 
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CHANGE IN FORCE ON MOVING COIL -IN MILLIGRAMS 


°o 
10 086 06 O4 O02 O O22 OA 06 O8 10 
€=VERTICAL DISTANCE OF MOVING COIL FROM ORIGIN -IN MILLIMETERS 


Ficure 9.—Varitation of the sum and difference of the forces with vertical displace- 
ment of the moving coil. Vertex of the parabola is a, point of tangency of line is c. 


The experimental curve for the sum of the forces was taken with coils $1, $2, M2 with a current of 0.678 
amperes, giving a total doubled force of 5.29 grams. The line for the difference of the forces was drawn 
arbitrarily, as the actual line corresponding to the difference of the forces was too nearly horizontal to make 
a suitable illustration. 

The plotted data would be interpreted as follows: The length be gives the distance, 6 (0.2 mm), which 
each fixed coil would have to be moved to attain perfect spacing and the length ab gives the correction, 
A¥ (0.03 mg), to the doubled force for the assumed incorrect spacing. 


V. DETERMINATION OF THE RATIO OF THE RADII OF 
THE COILS 


The theory of the current balance shows that the ratio of the 
radius of the moving coil to that of each of the fixed coils must be 
known in order to compute the current from the measured force. 
These ratios, while very difficult to determine by mechanical measure- 
ments, may be very precisely determined by a relatively simple 
electromagnetic method. This method is based on the fact that the 
magnetic field at the center of a circular turn of wire is directly pro- 
portional to the current in the wire, is inversely proportional to the 
radius of the circle, and is in a direction perpendicular to the plane 
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of the circle. If two circular turns are coplanar and concentric, 
and carry currents flowing in opposite directions, the resultant 
magnetic field at their common center is zero for a particular value 
of the ratio of the two currents. When the common plane of the 
two circular turns is vertical, and in the magnetic meridian, a small 
magnet hung at the common center of the turns will be undeflected 
when the field resulting from the currents is zero. With zero field 
at the center, the ratio of the currents is equal to the ratio of the radii 
of the turns. 

If each circular turn is replaced by a coil having a number of turns 
and a relatively small cross section, the above procedure may be used 
to obtain the ratio of the effective mean radii of the two coils. This 
ratio of the radii is not identical with the ratio of the geometric mean 
radii but is more directly applicable to the current balance. Since 
only the magnetic effects of the coil are under consideration, the 
features of the coil must be defined in terms of the magnetic field 
rather than from geometric considerations. Hence the plane of the 
coil is a plane so located that the magnetic intensity is symmetrical 
with respect toit. The axis of the coil is that straight line perpendicu- 
lar to the plane of the coil in which the magnetic field at every point 
has the same direction as the line. The center of a coil is the point 
where its axis cuts its plane. It is apparent that the plane, axis, and 
center of a coil, as defined above, will coincide with the same features 
as geometrically defined, provided the coil is a perfect one. 

As a, first approximation, when the resulting magnetic field at the 
common center of two coplanar and concentric coils is zero 
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@y Nod ae 
¢= = (31) 
ay nyt; i 
where a =the ratio of the effective mean radii 


a,, n,, 1; =the radius, number of turns, and current respectively 
for the larger coil 
2, N2, 12 =the same quantities for the smaller coil. 

The ratio of two unvarying currents can be measured with an ac- 
curacy of a part in a million, and the number of turns determined with 
about the same accuracy. However, corrections must be made for 
the finite cross sections of the coils. 


1. OUTLINE OF METHOD ” 


A large coil and a small coil were mounted as nearly concentric and 
coplanar as feasible, with their common plane vertical and approxi- 
mately in the earth’s magnetic meridian. A small magnet was sus- 
pended at the common center. A suitable current was sent through 
one coil, and the current in the other was varied until the magnetic 
needle showed no deflection. The ratio of the currents was then 
measured. The position of one coil relative to the magnet was then 
changed by a measured amount, the current varied, and the ratio of 
currents again measured. After three or more such readings, corre- 
sponding to a particular type of adjustment, had been obtained, a 
curve was plotted with positions of the coil as abscissas and ratios of 
currents as ordinates. The curve was a portion of a parabola, and 


2 The general method was described by Bosscha, Pogg. Ann. vol. 93, p. 392, 1854. 
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Photograph showing the way in which two coils were mounted when 


I ‘E 10. 
measuring the ratio of their radi. 

1 urge coil was held in a double gimbal system by which it could be independently given two rotations 
and ee translations. The small coil was held in a single gimbal by which it could be independently 
give ne rotation and one translation. The magnet could be given one rotation and two translations 
The ls could be placed in magnetic meridian by turning the entire stand 

The mountings of the coils and all the connections to them, as well as the tripod stand and all of the 
opt parts carried by it, were tested by the astatic magnetometer and each piece was accepted only if its 
mag c susceptibility differed but little from unity. 
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the abscissa for maximum or minimum ordinate indicated the correct 

osition for this adjustment. The coil was then placed at the posi- 
tion indicated by the maximum or minimum and a second adjustment 
made. This procedure was continued for all necessary translations 
and rotations of each coil. The maximum or minimum point of the 
final adjustment indicated the point at which the coils were exactly 
coplanar and concentric with the magnet at the center. Then the 
product of the ratio of the currents and the ratio of the number of 
turns gives a first approximation to the ratio of the effective mean 
radii of the coils. Corrections could then be made for the finite length 
of the needle and for the cross sections of the coils. 


2. MOUNTING OF THE COILS 


The stand for holding the coils was constructed of plate glass which 
was chosen because it was nonmagnetic, could be procured in large 
pieces, and could be readily cemented together. The large coil was 
mounted on the glass upright in such a manner that the coil could be 
given 3 translations and 2 rotations by means of a double gimbal 
made of an aluminum alloy. The small coil was mounted on an 
aluminum disk rigidly attached to the glass upright by means of a 
single brass gimbal in such a way that the coil could be given 1 trans- 
lation and 1 rotation. All the materials used in connection with the 
mounting of the coils were tested for their magnetic properties by an 
astatic magnetometer. (Seep.710.) A photograph of the assembled 
stand is shown in figure 10. 


3. MAGNETOMETER 


The magnetometer consisted of an outer case, a suspended system, 
a fiber for suspending this system, and adjustment screws for raising 
and lowering the suspended system and for turning it around a vertical 
axis. The magnetometer was mounted on a slide so attached to the 
plate glass that the entire magnetometer could be moved in the 
direction perpendicular to the upright glass plate. 

The magnetometer case consisted of a tube of nonmagnetic brass. 
The tube was closed at the lower end and had a window made of glass 
having optically flat faces. The moving system consisted of a small 
glass rod to which was attached a small magnet, a small mirror, 
and the wing of an insect to act as a damping vane. All parts of the 
moving system were made with as small a moment of inertia as 
possible, in order that the period would be short. The size of the 
damping vane was adjusted until the moving system was slightly 
under-damped. <A quartz fiber was used for suspending the moving 
system. 

4. OPTICAL SYSTEM 


_ The optical system consisted of the conventional lamp and scale 
in which the light was reflected from the small mirror of the moving 
system of the magnetometer to a scale 3.7 meters from the mirror. 
The mirror was mounted in the same plane as the magnet, and the 
light source was ordinarily placed along the axis of the coils. In some 
cases readings were required with the magnet deflected about 30° 
from the plane of the coils. For such readings a second light source 
was employed, the beam of which made an angle of about 60° with the 
axis. 
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5. ELECTRICAL CONNECTIONS 


The electrical connections used in determining the ratio of the 
radii are shown in figure 11. A storage battery controlled by a single 
switch supplied currents to two parallel circuits, each having a rheo- 
stat for adjusting the current and a switch for reversing it. The 2 
reversing switches and the battery switch were mechanically con- 
nected so that 1 switch handle operated them all. The battery 
switch opened first and closed last so that the currents in the two coils 
were broken and made simultaneously. An adjustable iron-cored 
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Ficure 11.—Electrical circuit used in measuring the ratio of the radii of the coils. 


The currents in the two coils were adjusted until their resultant magnetic field at the common center was 
zero, as indicated by the zero deflection of the small magnet at the center. The ratio of the two currents 
could be measured by the circuit shown and the ratio of the radii computed from the ratio of the currents. 
The two reversing switches and the battery switch were connected together mechanically so that the 
currents could be quickly reversed. 


inductor in the small-coil circuit made the time constants of the two 
circuits nearly the same. This inductor was placed so far from the 
coils that its magnetic field did not deflect the magnet by a readable 
amount. Without this inductor, the magnet received a large de- 
flection when the circuit was opened or closed; with it, the swing was 
reduced to a few degrees. 

Observations were made with the currents in both directions in 
order to eliminate the effect of slow changes in the zero position of 
the magnet. In order to measure the ratio of radii with an accuracy 
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of one part in a million, the deflection of the magnet, with 1 ampere 
in the small coil, must be observed to 70 microradians or 0.5 mm on 
he scale. 

’ The zero position of the magnet must not have changed more than 
this amount during the 10-second interval necessary to make two 
readings, between which the currents in both coils were reversed. The 
zero position of the magnet depended almost entirely on the direc- 
tion of the horizontal component of the external magnetic field, 
changes in which were caused either by variations in the earth’s 
field or by fluctuations in the current in outside circuits. The most 
troublesome of the latter was a street-car line which was 300 meters 
distant. When this line was in operation, the zero of the magnet was 
not sufficiently steady. Consequently, all ratio-of-radii adjustments 
and measurements had to be made between the hours of 2:30 and 4:30 
a.m., When the street cars were not running. It was not always 
possible to work even at these hours on account of magnetic storms. 
While this work was in progress, the daily reports on terrestrial mag- 
netic conditions were received from the Cheltenham Magnetic Observa- 
tory and from Science Service; the reports reaching this laboratory 
several days after the observations were made. It was usually pos- 
sible to correlate a poor set of results on the ratio of the radii with 
poor magnetic conditions, thus justifying their rejection. 

The ratio of the currents was determined by observing that the 
potential drop over a resistance carrying a current J;, was the same 
as that over another resistance carrying a current J,. Then the ratio 
of the currents was equal to the inverse ratio of the two resistances. 
The arrangement of circuits for making the measurement is shown in 
figure 11. The battery current divided into the two currents I, and 
I, at a terminal which could be adjusted until the potential terminals 
a, and a, of the standard resistors were at the same potential. This 
adjustment was not appreciably altered by other changes in the 
circuit, so that it had to be made only once or twice during the 
measurements on a pair of coils. The galvanometer connection could 
be moved along the slide wire, S, to make the potential of some point 
between b, and b,’ the same as that of the terminal b,. If the slide 
wire has s divisions, and if the reading of the slide wire is z, the ratio 
of currents is given with sufficient accuracy, with the resistances 
used, by the equation 


T/I,= (Ra +* Rs)/Bs (32) 


where /, is the resistance between a, and b,; R; that between b, and 
b,, and R, that between a, and b). 

The resistor (R,+R,’) in series with the small coil was usually a 
l-ohm standard and carried 1 ampere. A potential tap was taken 
off at 0.002 ohm and this part of the resistance was shunted by a 
Kohlrausch slide wire, S, having a resistance of 7.6 ohms. The slide 
wire had 1,000 divisions, each corresponding to 0.000002 ohm change 
in the resultant resistance of the resistor so that one half division on 
the slide wire corresponded to a part in a million in the ratio of the 
currents. 

The standard resistors for use as R, and R» were constructed from 
manganin strip in the same manner as those already described for 
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use with the current balance. They were frequently compared with 
the primary resistance standards of the Bureau, generally before and 
after use. They were mounted in an oil bath, which was maintained 
at or near 25° C; the temperature at which they were tested. How- 
ever, the current used in determining the ratio of the radii was much 
larger than the current used in testing. The larger current generated 
more heat in the resistance material and hence caused a greater tem- 
perature difference between this material and the surrounding oil, 
By means of the load coefficient of the resistance, a correction was 
applied to the value of the resistance obtained when it was tested to 
obtain the value of the resistance as used. The load coefficients of 
the resistors often introduced larger corrections than the temperature 
coefficients. 

A moving-coil galvanometer having a low external critical damping 
resistance (6 ohms) was used in obtaining the setting of the slidewire. 
It was mounted so that both the galvanometer and the magnetometer 
could be read on the same scale. The sensitivity of the galvanometer, 
when critically damped, was 10 milliradians per microvolt, which 
gave a deflection of 3 centimeters per microvolt at the scale distance 
of 3 meters. In order to measure the ratio of the currents to one part 
in a million, the spot of light from the galvanometer would have to 
be adjusted only to within 3 centimeters of the correct position. 


6. PROCEDURE IN TAKING OBSERVATIONS 


In order that thermal conditions would be steady, the current was 


passed through the coils for several hours before observations were | 


begun. The room was heated electrically, and thermostatically con- 


trolled to within 0.2° C. This was necessary because there was no | 
other temperature control for the small coil. Thermostated water, | 
circulating through the large coil, controlled its temperature. Fluc- | 


tuations in battery voltage did not affect the ratio of currents. 

The procedure in making an observation was as follows: The bat- 
tery switch was momentarily opened to permit the observation of the 
zero position of the magnetometer; with the switch closed, the current 
in one of the coils (usually the smaller) was varied until the reading 
of the magnetometer was the same as the zero position; and almost 
simultaneously with the variation of the current, the contact on the 
slidewire was moved until the closing of the galvanometer key did 
not produce a deflection of the galvanometer. After the reading of 
the slidewire had been recorded the currents were reversed and the 
process was repeated. This procedure constituted one observation 
and took about 10 seconds. Several observations were made for 
each step in the adjustment of a coil to its correct position, and after 
the coils had been completely adjusted, about 10 observations were 
made for the purpose of determining the value of the ratio of the radii. 
The mean deviation from the mean for 10 observations was seldom as 
great as one part in a million. The whole arrangement was very 
sensitive and easily operated by one observer. 


7. ADJUSTMENT OF THE COILS AND MAGNET 


The adjustment of the coils and magnet was for the purpose oi 
making the coils vertical, coplanar, and concentric, and of placing 
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the magnet with its center at the common center of the coils and 
with its axis in the common plane of the coils. The complete adjust- 
ment was accomplished by translating and rotating the coils and 
magnet with respect to a chosen coordinate system and by determin- 
ing for each translation or rotation (called an individual adjustment) 
the position at which the ratio of currents was a maximum or mini- 
mum, in the manner already described. To determine the number of 
individual adjustments that must be made, each coil and the magnet 
may be considered as a rigid body. Since every rigid body has 
6 degrees of freedom (3 rotations and 3 translations), the system of 2 
coils and a magnet has 18 possible degrees of freedom with respect to a 
fixed system of coordinates. But the magnetic field of a coil is sym- 
metrical about its axis so that from a magnetic point of view each of the 
coils has only 5 degrees of freedom. Hence, if the coordinate system 
is fixed in the magnet, it is evident that only 10 individual adjust- 
ments are required for a complete adjustment. This arrangement 
of coordinates is useful to show the minimum number of individual 
adjustments that must be made, but is not as suitable as some others 
for actual application. The most convenient arrangement of coordi- 
nates is that in which the origin is at the center of the magnet, one 
axis vertical, one axis horizontal and parallel to the plane of the small 
coil, and the third axis perpendicular to the other two. The 10 
adjustments relative to these axes are given below: 

Translation of the small coil in a direction perpendicular to its 
ie until its center lies in a vertical plane through the center of the 
mAgHeS: 

Translation of the small coil in a vertical direction until its center 
& the center of the magnet are in a horizontal line. 

3. Translation of the small coil in a horizontal direction in its plane 
until its center coincides with the center of the magnet. 

4. Translation of the large coil in a direction perpendicular to its 
plane until its center lies in a vertical plane through the center of the 
magnet. 

5. Translation of the large coil in a vertical direction until its center 
and the center of the magnet are in a horizontal line. 

6. Translation of the large coil in a horizontal direction in its plane 
until its center coincides with the center of the magnet. 

7. Rotation of the small coil about a horizontal diameter until its 
plane is vertical. 

8. Rotation of the large coil about a horizontal diameter until its 
plane is vertical. 

9. Rotation of the large coil about a vertical diameter until its plane 
coincides with that of the small coil. 

10. Rotation of the magnet about a vertical line through its center 
until its axis coincides with the common plane of the coils. 

For maximum sensitivity, the axis of the magnet should approxi- 
mately coincide with the magnetic meridian. In this position there 
is no torque in the suspending fiber. Sufficient sensitivity was 
obtained by placing the plane of the small coil approximately in the 

magnetic meridian by comparison with a compass needle and turn- 
ing the magnet to coincide approximately with this plane. The 
latter was accomplished by sending a current of a few milliamperes 
through the a 1 coil and adjusting the torsion head of the mag- 
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netometer until a reversal of the current produced an equal and 
opposite deflection of the magnet. 

The plate of glass supporting the coils was placed essentially 
vertical and in the magnetic meridian, and adjustments 1 to 6 were 
made by moving the coils in directions perpendicular and parallel 
to that plate, those directions coinciding quite closely with those 
previously specified in the catalog of the adjustments. In each case 
the position of the coil at which the ratio of the currents was a maxi- 
mum or a minimum was determined, and the coil was placed in that 
position. The apparatus for making the translations was so designed 
that the small coil could be given only one translation, namely, in a 
horizontal line in its plane. Hence, for the purpose of making adjust- 
ments 1 and 2 which required other translations of the small coil 
relative to the coordinate system, the large coil and the magnet were 
moved as a unit, thus moving the coordinate system and those parts 
that should remain stationary with respect to it, rather than moving 
the small coil. 

The rotational adjustment of the coils to make their planes vertical 
(adjustments 7 and 8) was accomplished as follows: With the large 
coil in a definite position, the ratio of the currents giving zero deflec- 
tion of the magnet was determined for each of several positions of 
the small coil as it was rotated about a horizontal diameter. The 
plane of the small coil was made vertical by placing the coil in the 
position in which the ratio of the current in the small coil to that 
in the large coil was a minimum. With the small coil vertical, similar 
observations were made when the large coil was rotated around a 
horizontal diameter. In this way, the planes of the two coils were 
made vertical. 

To secure data for adjusting the large coil so that its plane coin- 
cided with that of the small coil (adjustment 9), the ratio of the 
currents which produced zero deflection of the magnet was measured 
for two or more displaced zero positions of the magnet. The dis- 
placement of the zero position of the magnet was usually accom- 
plished by employing the magnetic field of an auxiliary coil, the axis 
of which approximately coincided with those of the other coils and 
the center of which was at a distance of 50 cm or more from the 
center of the coils. By reversing the current in this auxiliary coil, 
two displaced zero positions of the magnet were obtained which were 
about equally spaced (usually 2 centiradians, or about 1°) on each 
side of the initial zero position. By plotting, as ordinates, the slide- 
wire readings, which were proportional to the ratio of the currents, 
and, as abscissas, the displaced zero positions of the magnet as read 
on the scale, a line was obtained, the slope of which was propor- 
tional to the angle between the two coils. 

Data for determining the proportionality factor between the slope 
of the plotted line and the angle between the coils was obtained by 
first turning the large coil around a vertical diameter by a known 
angle of 1 or 2 centiradians and then making a second set of measure- 
ments of the ratio of the currents at two or more displaced zero 
positions of the magnet. The results were plotted on the same sheet 
as the first set. The dashed lines in figure 12 show a typical plot 
of the first two sets of measurements made in the adjustment of 4 
pair of coils. Since, for each line, the slope was proportional to the 
angle between the coils, the difference in the slopes of the two lines 
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was proportional to the angle through which the large coil was turned, 
so that the angle required to turn the large coil to make the two coils 
parallel was determined by proportion. 

The rotation of the magnet to place its axis in the plane of the 
coils (adjustment 10) would have been unnecessary if the preceding 
adjustment of the large coil into the plane of the small coil could 
have been made perfectly. Since this ideal condition could not be 
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DISPLACED ZERO POSITION OF MAGNET 


Fiagure 12.—Data used in turning the plane of the large coil and the axis of the 
magnet into the plane of the small coil 


The ordinates are slide-wire divisions, each of which is approximately equal to a part in a million in the 
ratio of the currents. The abscissas are angular positions of the magnet which are measured from the ini- 
tia) zero position. The angle between any line and the horizontal is proportional to the angle between the 
coils at the time the observations used in plotting the line were made. The horizontal distance between 
zero and the intersection of two lines, plotted from data taken with the same initial zero of the magnet but 
with different angles between the coils, is proportional to the angle between the axis of the undeflected 
magnet and the plane that bisects the angle between the two positions of the plane of the fixed coil. 

The dashed lines represent the first set of measurements for determining the angle between the coils and 
the angular position of the magnet. The dotted lines are from actual data taken to check the accuracy 
attained in adjusting the magnet. The coils used in this case were S82 and M3 and the angle between 
them was 1 milliradian (3.6’). The solid line is from actual data taken on the same coils to check the 
parallelism after adjustment. 


attained, an adjustment of the magnet was always made, for the 
effect of an error in the adjustment of the planes of the coils to coin- 
cidence was minimized if the axis of the magnet was ajdusted nearly 
to coincide with the plane of the large coil. Such coincidence could 
not be satisfactorily secured by the approximate method used in 
setting the magnet before starting any of the adjustments. It was 
secured by the following procedure: The large coil was turned through 
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a small angle (1 or 2 centiradians) from the position where it was 
left in adjustment 9, and the ratio of currents was determined for 
two or more displaced zero positions of the magnet, as in the previous 
adjustment. The large coil was then turned by the same amount in 
the opposite direction. The ratio of currents was again determined 
for two or more displaced zero positions of the magnet. The data 
were then plotted as before with slide-wire readings as ordinates and 
zero positions of the magnet as abscissas, giving two straight lines. 
The zero position corresponding to the point where the two lines 
crossed was the zero position at which the axis of the magnet coin- 
cided with the initial plane of the large coil. The angle through 
which the torsion head had to be turned to bring the magnet to the 
zero position indicated by the plot was determined by proportion 
after the change in the zero position of the magnet which was produced 
by turning the torsion head through a known angle (generally 10 
divisions) had been observed. While this adjustment has been 
described as though data were taken especially for it, actually the 
data of adjustment 9 were generally used. The dashed lines of 
figure 12 can be applied both to adjustment 9 and adjustment 10. 

As a check to insure that adjustment 10 had been correctly made, 
two additional sets of observations were made. The angle between 
the coils had the same value for each set, but opposite signs for the 
two sets. In each set three zero positions of the magnet were used, 
the initial one with the axis parallel to the plane of the small coil, 
the other two with displaced zero positions which were produced by 
a current in the auxiliary coil. If the adjustment had been correctly 
made, the plot of the data gave two lines which intersected at the 
initial zero position of the magnet. Such sets of data are plotted in 
the dotted lines of figure 12. 

As a final check on adjustment 9, the planes of the coils were again 
made coincident, and a set of observations was made on the ratio of 
the currents with the new initial zero position of the magnet and two 
displaced zero positions. If adjustment 9 had been correctly made, 
the ratios of the currents were the same (within experimental error) 
for all three zero positions. The data obtained in such a check are 
plotted in the solid line of figure 12. 

The above methods do not exactly conform to the conditions stated 
in describing the necessary adjustments. Hence, after the first series 
of 10 adjustments had been completed, an entirely new series was made 
to obtain a closer approximation to the theoretically correct position. 
In the second series, the positions of the coils and of the magnet were 
not changed from those in which they were placed by the first adjust- 
ment, except as required in making each individual adjustment. If, 
in the second series, any adjustment was changed by an appreciable 
amount, a third series was made. After the coils were in perfect 
adjustment, several careful determinations of the ratio of the currents 
which produced no deflection of the magnet were made. Since this 
ratio of currents was used to compute the ratio of the radii of the coils, 
all necessary precautions were taken to insure an accurate value of 
the ratio of the currents. This required a procedure somewhat 
different from that used in the adjustment of the coils, since in those 
measurements only changes in the ratio of the currents were required. 
The various measurements of the ratio of the currents for each pair of 
coils, when in perfect adjustment, were made at different times, but 
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always with the external conditions approximately those under which 
the coils would be used in the current balance. Some measurements 
were usually made just after the complete adjustment had been fin- 
ished, then additional ones both after the measurement of the tem- 
perature coefficient and of the load coefficient and still others after 
the length of the magnet had been determined. 

Under favorable conditions about an hour was required to make 
an individual adjustment. Since it was possible to work only 2 
hours a day, each series of 10 adjustments required about a week. A 
determination of the ratio of the radii of two coils, consisting of 2 or 
3 series of individual adjustments and several final determinations of 
the ratio of the currents, took at least 2 weeks. 


8. THEORY OF THE ADJUSTMENT OF THE COILS 


The theory of each of the individual adjustments of the coils 
depends on the change which that adjustment produces in the torque 
on the magnet, and hence on the horizontal component of the mag- 
netic field perpendicular to the axis of the magnet. The magnetic 
field of a coil along its axis is expressed with sufficient approximation 


by the equation 
2anl 2 . 
H,=——| l-sat-.:- | (33) 


Where H, is the magnetic field at a distance z along the axis from the 
center of the coil, a is the radius of the coil, n the number of turns, and 
I the current in each turn. The magnetic field in the plane of the 
coil, 7, (or H,) is given by the equation 


9 2 
Hy, =27nt ves. ee | 
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a 4q- we) 
These equations show that the translational adjustments when made 
with respect to the coordinate axes as described, place the centers of 
the coils at the center of the magnet. The equations show that an 
error of a part in a thousand in z/a and 2z/a will produce an error of 
only a part in a million in the magnetic field. The smallest coil used 
had a radius of 10 cm, so that with it a maladjustment of 0.1 mm was 
permissible. This accuracy was easily attained. 

The torque that a coil carrying a current exerts on a magnet sus- 
pended at the center of the coil is proportional to the cosine of the 
angle which the plane of the coil makes with the vertical, and hence 
is 2 maximum when the coil is vertical. The adjustment of each coil 
to be vertical could be made with ample precision, since the cosine 
does not change appreciably for small angles. 

The theory of the adjustment of the coils to have coincident planes 
by the rotation of one of them around a vertical axis requires that the 
torques, around a vertical axis, which the magnetic fields of the two 
coils exert on the magnet shall be equal and opposite. To simplify 
the equations for the torques, the magnet is assumed to be so short 
that, at its poles, the magnetic field of each coil is the same as that 
atitscenter. The current J, in the large coil (radius a;, number of turns 
of wire n;) produces, on the magnet, a torque 7}, which is given by the 
equation 
_ Imlay, cos (om— $-) 
ay 


T 





(35) 
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where / is the effective length of the magnet, m its pole strength, 
¢ém the angle which the magnet makes with the plane of the small 
coil and ¢, the angle between the two coils. (See fig. 13.) 

A current J, in the small coil (radius a2, number of turns of wire n.) 
produces, on the magnet, a torque 72 which is represented by the 
equation 
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T,= < (36) 
Equating the torques, and rearranging 
2 Tyne cos om (37) 


a 7 In, cos (om— $<) 


It follows from this equation that the ratio of the radii is equal to 
the ratio of the current-turns if cos ¢,=cos (¢m—¢-), which is the 
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Figure 13.—Horizontal crosssection of the coils and magnet as mounted for measur- 
ing the ratio of the radit 


The diagram shows the symbols used in describing the method for adjusting the coils to be coplanar with 
the axis of the magnet in the common plane. 


case when ¢,.=0 (the planes of the coils coincident) or when ¢m= ¢,/2 
(the magnet bisects the angle between the planes). 

In general, a small error in setting ¢, to zero is likely to occur. 
However, equation 37 shows that the effect of this error may be 
minimized by making ¢» small. For example, if ¢,=0, a value of 
¢, of 1.4 milliradians (5’) introduces an error in the ratio of the radii 
of one part in a million but if ¢,,=2 centiradians (1°) then this same 
value of ¢, introduces an error of 29 parts in a million. 

Equation 37 can be written as 


qT; Hes NA 


T= nga, €O8 bet sin $e tan mn) (38) 





Considering ¢, as a constant, this is a linear equation between J2/J 
and tan $m, in which sin ¢,, and hence for small angles ¢,, is propor- 
tional to the slope of the line. This shows the validity of the 
method employed to adjust the planes of the coils to coincidence. 
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The equations connected with the above-described adjustment for 
placing the magnet in the plane of the coils can be obtained from 
equation 38 by assuming that after the completion of adjustment 9, 
there is a very small angle, «, between the planes of the coils so that 
instead of ¢=0, ¢-=e. Then with the large coil turned from this 

position by +6, equation 38 may be written in the form 
I, 142 


i %, N2Q, 





cos (e+ @) +sin (e+ 6) tan 6n| (39) 


Likewise, when the large coil is turned through an angle — @ 


I, _ NA, 


—_— 


lan cos (e—6)+sin (e—6) tan $n| (40) 





These equations can be solved to determine the point of intersec- 
tion of the lines which they represent. Equating the right-hand sides 
of the equations 39 and 40 and simplifying 


tan e=tan dp, (41) 


Hence, when the magnet is adjusted by this method, it lies in the 
plane of the adjusted large coil and makes an angle e with the plane of 
the small coil. It follows that equation 37 becomes 


oS soy Be 2” 

ay Tn, (42) 
However, € is a very small angle, much smaller than the allowable 
value of the angle ¢,,._ It follows in making this adjustment that ¢ may 
be considered as zero. In fact, changes in the earth’s field may at 
any time change ¢,, by an angle larger than e, but such changes were 
not sufficiently large to affect the value obtained for the ratio of 
the radii. 

The value of ¢,, was measured by readings on the magnetometer 
scale. By turning the torsion head through z divisions, the reading on 
the magnetometer scale was changed by y divisions. Hence, the 
number of divisions through which the torsion head had to be turned 
to make the axis of the magnet coincide with the plane of the large 
coil Was dmr/y. 


9. TEMPERATURE COEFFICIENT OF EXPANSION 


The termperature coefficient of expansion was determined experi- 
mentally for each coil, since so many elements entered that it could 
not be computed from the coefficients of expansion of the component 
parts. The method employed was to measure the ratio of the radii 
of two coils, one of which was kept at a constant temperature, while 
that of the other was varied. In the case of the large coils, the change 
in temperature was accomplished by changing the temperature of the 
water circulating through the coil forms. The temperature change 
was usually from about 7° C above to 5° C below the usual room 
temperature of 22 C. In the case of the small coils, the temperature 
was changed by changing the temperature of the air in the room. In 
each case the temperature of a coil was determined by measuring the 
resistance of the windings and assuming that the temperature coeffi- 
cient of resistance of the copper winding was 0.0039 per degree centi- 
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grade. The results of these measurements, as well as those obtained in 
1911, are given in table 3. 
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TABLE 3.— Temperature coefficient of expansion of the coils 


[Values expressed as relative change in radius per degree centigrade] 
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In a few cases the difference between the 1911 values and the 
corresponding 1933 values are somewhat larger than the experimental 
errors of the determinations. 

The coils were somewhat constrained by their mountings, so that 
their expansion might have been influenced thereby. To test this 
effect, a special mounting was made for coil M3 using the hole-slot- 
plane system so that the coil could expand without constraint. The 
temperature coefficient with this special mounting was the same as 
with the regular mounting. 


10. LOAD COEFFICIENT OF EXPANSION 


The load coefficient of expansion of a coil is the relative change in 
radius for unit change in load (a power of 1 watt continuously trans- 
formed into heat) the temperature of the windings being the same in 
both cases. The load correction is required because, in most coils, 
the radius of the windings is, to some extent, affected by the radius 
of the form. If the wire of the windings is under tension, and if 
the temperature of the winding is higher than the temperature of 
the form, an increase in the temperature of the form only to make it 
equal to that of the winding will increase the tension in the winding 
and increase its radius. The load on a coil causes the temperature 
of the windings to be higher than the temperature of the form. 
Since the temperature of the winding only is determined by measuring 
its resistance, the radius of a coil which is carrying current and which 
has tension in the wire of the winding is less than would be the case 
if the form were at the temperature of the winding. Hence the correct 
radius of the winding is obtained by subtracting from the radius, as 
determined when the winding and form have the same temperature, 
a quantity which is proportional to the load that is converted into 
heat in the windings. The proportionality factor by which the load 
must be multiplied is called the load coefficient. 

The method of measuring the load coefficient made use of the fact 
that each coil had 2 identical windings. When the 2 windings of a 
coil carried equal currents but in opposite directions, there was no 
magnetic field at the center of the coil, whereas if the 2 currents were 
in the same direction, the magnetic field was twice that for a single 
winding. Accordingly, a circuit was arranged so that the current 
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ordinarily used in measuring the ratio of radii flowed as usual, i.e., 
produced a field at the center of the coil, while a special heating 
current flowed through the windings in such a way as to produce no 
magnetic field at the center. The circuit in figure 14, which is a 
Wheatstone bridge circuit, shows the way in which this was accom- 
plished. In setting up this arrangement a galvanometer was first 
connected in place of the heating battery and the circuit balanced 
as an ordinary Wheatstone bridge by varying either of the resistances 
P or Q (about 12 ohms each). Later a better balance was obtained 
with the magnetometer itself, this being done by disconnecting the 
main battery and adjusting the resistance P (or Q) until the magnet- 
ometer zero was not changed when the heating battery was connected. 
The resistances R, and Ry (usually 
1 or 5 ohms) were inserted so that 
the current through each winding 
(and hence the total load) could 
be determined by measuring the 
fallin potential over them. Tem- 
perature measurements of each 
winding were made by comparing 
the fall in potential over the wind- 
ings with the fall in potential over 
the resistance standards carry- 
ing the same current. Care was 
taken to have the heating bat- 
tery well insulated from the main 
battery. 

The currents in the 2 windings 
were not the same during these | 
measurements and hence the 2 
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windings carried different loads. Fo REVERSING 
In the special case where the volt- SWITCH OF 
age of the heating battery was ad- FIGURE 11 


justed so that the heating current F it uel 
. é IGURE 14.—Auziliary electrical circuit 
and the measuring current were used for measuring the load coefficient 
equal, 1 winding carried all the — of a coil. 
current and the other carried none. The auxiliary circuit was used in connection with 
Careful temperature measure-___ the measurement of the ratio of the radii and 
ments on the 2 windings when there _peing studied at the reversing switch shown i 
was a considerable difference in ewe. ‘The 2 windings A and 3 are shown 
load gave no indication that 1 sidered as‘ single winding. ‘he total load on 
winding was at a different tem-  Srtne honthey atten) PY Changing the voltage 
perature from the other. The to- 
tal load on the coil was always taken as the sum of the loads of the 
2 windings. 

In making a determination of the ratio of the radii, the temperature 
and load of 1 coil was kept constant, while the heating current on 
the other coil was varied from zero to the maximum permissible. 
The observed relative increase in diameter when the load was increased 
was subtracted from the relative increase which would have occurred 
if the form had also been raised to the temperature of the winding 
(this latter was computed from the temperature coefficient) and the 
remainder was divided by the load in watts to obtain the load 
coefficient. 
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For the large coils the load coefficients were small, and could be 
determined with sufficient accuracy by this method although the 
normal loads on them when used in the current balance were large 
(20 to 50 watts) so that the load corrections were appreciable. For 
the small coils the load coefficients were large so that the load cor- 
rections were appreciable although the normal loads when used in the 
current balance were small (1 or 2 watts). Moreover, the determina- 
tion of the load coefficients was difficult, since the normal loads when 
measuring the ratio of the radii were nearly as large as the coils 
could safely carry. The above-described method was used with the 
small coils, but a more convenient method of obtaining the load 
coefficients of the small coils was to measure the ratio of the radii in 
the regular manner, but with various measuring currents. In this 
way the load on both coils was changed, but since the load coefficient 
of the large coil was known, the one for the small coil could be com- 
puted. The value of the load coefficient of each coil is given in table 
4, together with the value obtained in 1911. 


TaBLE 4.—Load coefficients of the coils 
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« The values of the load coefficient of coil M3 had wide variations which were partly caused by the large 
uncertainty in the temperature coefficient of this coil. (See table 3.) 

Both the temperature coefficient and the load coeflicient of this coil have decreased since the 1911 
measurement. This can be explained by assuming that the winding strains have been relieved. 

> The load coefficients of the large coils were measured with about 1.2 liters of water per minute flowing 
through them. No measurements were made to determine whether the rate of flow affected the load 
coefficient, but this same rate of flow was used when the coils were mounted in the current balance. 








In the case of the moving coils, where the load coefficient was the 
most uncertain, the effect of an error in it on the absolute value of 
the current was reduced by using the same value of the current in 
the measuring circuit of the ratio of the radii set-up as was later used 
in the current balance circuit. 

The temperature coefficient and the load coefficient are related to 
the radius of a coil by the foliowing equation: 


a=a{1—r (t—22 C)+ yp} (43) 


where 
7= temperature coefficient 
¥=load coefficient 
p=load in watts 
t=temperature of winding measured electrically 
d)=radius of coil at 22 C and no load 
a=radius of coil at temperature ¢ and load p 


In this equation the standard conditions are taken as 22 C and zero 
load. 
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11. CORRECTION FOR THE LENGTH OF THE MAGNET 


A correction to the observed ratio of the radii for the length of the 
magnet was required, because the components of the magnetic fields 
that were perpendicular to the magnet at its poles and hence which 
must be equal and opposite in order that the magnet should not be 
deflected, do not have the same ratio as the magnetic fields at the 
common center of the coils and magnet. The magnetic field produced 
by a current in a circular coil can be obtained at any point by differ- 
entiating the formula for magnetic potential * at that point. Near 
the center of a coil, the differentiation to give the component which 
is perpendicular to a line through the center of the coil at a given 
distance from the center and which lies in a plane that is perpen- 
dicular to the plane of the coil results in the equation 


: 2 
Hy= ~Gy~ 7 TO 1-356 cos? @—1)+- - | (44) 


where H7y=the component of the magnetic intensity at the point 
(r, 6) whic’ is at right angles to the line connecting the 
point (7, 6) to the center of the coil and which lies in a 
plane that is perpendicular to the plane of the coil 
r=the distance of the point from the center of the coil 
6=the angle between the axis of the coil and the line con- 
necting (r, @) to the center of the coil 
a= the radius of the coil 
n=the number of turns of wire in the coil 
J=the current through the coil 
If a magnet, the distance between the poles of which is 27, is suspended 
by a fiber with the center of the magnet at the center of the vertical 
coil, Hy is the component of the magnetic field which tends to turn the 
magnet around the fiber. If the magnetic fields of two concentric and 
coaxial coils are equal and opposite at the poles of the magnet, it 
follows from equation 44 that 


I; =f 43" ies 





) (5 cos?@—-1)—- +++ +s ] (45) 


I, @ GN, 4\a,? a,’ 


where (7) is the ratio of the currents which produce no deflection of 
1/6 


the magnet when it makes an initial angle 6 with the common plane of 
the coils. The second term in the brackets is the correction which 
must be applied on account of the length of the magnet. If 5 cos*@=1, 
the correction term is zero, but this requires an angle (@=63°26’) that 
is not convenient for regular use. Observations were regularly made 
with @=90°, in which case the ratio of the radii was computed from 
the ratio of the currents by the equation 


I,\  _ an 3r°/ 1 1). ] : 
De "aL 4 (cs — (46) 


in which the length of the magnet is required. The length of the 
magnet was determined by measuring the ratio of currents for two 





” Maxwell, Electricity and Magnetism, 3d ed., vol. 2, p. 334, eq. 8. Oxford University Press. 
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markedly different values of 6. Substituting the two sets of values in 
equation 45, subtracting the resulting equations, and solving for r, 
the following equation is obtained: 


47a," ?) he 7) sep r: S iRsit Goect (47) 
a;>—a?|\I,/0, \1,/0,_|cos* @,—cos* 6.) ; 


The values of 6, and 6, were generally about 60° and 90°. 

In the above theory, the assumption has been made that the coils 
were in perfect adjustment. Slight errors in certain of the adjust- 
ments had a very pronounced effect on the measured length of the 
magnet. The length of the magnet was always measured with at 
least two pairs of coils. Such measurements were a check not only 
on the length of the magnet but also on the perfection of the adjust- 
ment of the coils. 

As the value of the correction term increases as the square of the 
length of the magnet, r, the magnet should be made as short as possible, 
The smallest magnet used was about 1.4mm long. With it, a change 
in the ratio of the currents of a part in a million could be readily 
measured. 

Four different magnets were employed in the course of this investi- 
gation. They were made of cobalt magnet steel and given a special 
heat treatment. All of them were 0.86 mm wide and 0.24 mm thick, 
and they varied in length from 1.41 mm to 2.95 mm. The effective 
length (distance between poles) of each of these magnets has been 
measured by the method outlined above. The ratios of the effective 
length to the actual length of these magnets are given in table 5. 
These ratios agree well with those obtained in 1911, when the method 
was developed. 

Table 5 also gives the corrections to the ratios of the radii which 
had to be made on account of the lengths of the magnets. The 
advantage in using short magnets is clearly shown. Although the 
effective length of a small magnet can not be determined with the 
same relative accuracy as that of the longer magnets, yet the correc- 
tion for the shorter magnets is so much smaller that it is advantageous 
to use them in the determinations of the ratio of the radii. 


4 N2A; 
15 NA, 
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TaBLE 5.—Lengths of the magnets, and the resulting corrections to the measured 
ratio of the radii for the different pairs of coils 























| Correction to the measured ratio of radii 
Ratio of effec- i er oe 
| Actual ‘ sede 
| length ras Ss a | Pairs Pairs Pairs Pairs 
8 | S1 M2and/ S1 M3 and| L3 M2and| L3 M3 and 
| S2M2 $2 M3 L4M2 | L4M3 
| | | | | 
ese sali 
mm | 
1.41 0.800.014 | 9x10 18X 10-6 11X10-6 20 10-6 
1. 80 .804 .002 15 29 : § 33 
2. 20 . 84+ .001 25 48 : ea 54 
2. 95 . 86+ . 005 47 91 | 58 101 














For three pairs of coils, determinations of the ratio of the radii 
were made with magnets of different lengths. The results, given in 
table 6, are affected by all the errors of a determination, since the 
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n coils had to be readjusted whenever the magnet was changed. 
’, The values used in the final computation were those measured with 
the shorter magnets, since with them the chance of an error was 
smaller. 
) TaBLE 6.—Ratio of radii of coils as measured with magnets of different lengths 
- b Asuna 
( Length i um! er ¢ evia- 
s Date Coils of Correction se Ratio of radii aan 
= magnet in set mean 
@ | of set 
t a age eo 1 ae ee eet are pier pera 
1931 mm 
y EST SC teeaeee: | Sunpeeseaten 2.95| 91X10-6 4 | 0. 5(1.005038) | 310-6 
a ala ai os LOY EE 2.95| 91 4) .5(1.005059) | 2 
! October._------ ees Soe RARELY | 2.21| 48 5 | @.5(1.005040) | 2 
February-March... _-.--|-.--- ORE iss ciice nti 1.80 29 8} »%.5(1.005022) | 2 
September. - ------- AEH |; (paris A nerd dct 1. 80 29 11 @, 5(1. 005037) 2 
e November...-----------| M3:L4___-_-_____- | 221] 54 8| .4(1.003259) | 5 
/ | 
, 1932 | | 
SS Et ee eae eee (saetMbee cits sal 21| 54 | 4| .4(1.003266) | 1 
mee iF esis ae ee 1.41 | 20 8| .4(1.003258) | 1 
y : ee oS eee ees ff ae 2. 21 54 10 | . 4(1. 003444) | 2 
OS ES FE mS aS 1.41 20 8 - 4(1. 003440) | 1 
° « These results were obtained when the temperatures were high, a condition unfavorable for precise 
| electrical measurements. Also, one of the resistance coils was changing erratically with time, making these 
results somewhat uncertain. 
y > This result was obtained in the winter, soon after the coils were used in the current balance and is the 
e one used in the final computations. 
a 12. CORRECTION FOR THE SECTIONAL DIMENSIONS OF THE COILS 
e 
ke The correction for the sectional dimensions arises from the fact 
1 that the magnetic field at the center of a coil carrying a current is 
not the same as if the current were concentrated in a filament located 
1 at the center of the cross section of the coil. The field at the center 
e of a coil of rectangular cross section can be determined by the 
p equation * 
“J 


Genk foi Ak, O&O th pot HE i 
| ee a a ae ae ae ) 4s 


9 
1 | oo (1—A) 


where n=number of turns in the coil 
J=current in each turn of the coil 
2b=axial dimension of the cross section of the coil 
2c =radial dimension of the cross section 
a=mean radius of the coil 
A=correction for reducing the magnetic field of a coil of 
rectangular cross section to that of a filament having 
a radius equal to the mean radius of the coil 
The values of A are given for each coil in table 7, together with 
the values of a, b, and c, repeated from table 1, as measured when the 
coils were originally wound. 





| 
| 4! See p. 314 of paper by Rosa, Dorsey, and Miller, reference footnote 8, or eq. 24 of Snow’s paper, refer- 
ence footnote 25. 
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TABLE 7.—Corrections to the magnetic fields at the centers of the coils for their finite 
cross section 








ROR ete cs BR OT BE OR oS ; ’ ‘ 246 10-4 
| 59 














* The values of A in this table were obtained from table VI of the paper by Rosa, Dorsey, and Miller 
(reference footnote 8) by subtracting the numbers in the last column from unity. 


In deriving equation 48 the assumption has been made that the 
turns of wire in each layer are equally spaced and that corresponding 
turns in the different layers lie in planes which are perpendicular to 
the axis of the coil. The axial dimension of such a coil is equal to the 
number of turns per layer multiplied by the distance between the 
centers of the turns. If the wires are equally spaced and if the width 
of the channel in which they are wound is greater than the product 
of the number of turns per layer by the diameter of the wires, the 
axial dimension, 2b, may be greater or less than the width of the 
channel in which the coil is wound. In an actual coil it is generally 
impossible to determine the value that should be taken. However, 
the corrections for cross section have all been computed on the assump- 
tion that the width of the winding channel is equal to the axial dimen- 
sion of the coil. In the same way the radial dimension, 2c, is equal to 
the number of layers multiplied by the distance between the layers. 
The distance between layers was measured at the time of the winding 
of the coils, and the average value was used in determining the radial 
dimension. Hence the radial depth, 2c, of the coils has been deter- 
mined as nearly as possible to correspond with the method required 
by theory. 

If the magnetic fields of two coaxial coils are equal and opposite 
at their common center, the ratio of the radii, a, is given by the 
equation 





—M, Nl, ta dea 
eee 2 (14 A; A») (49) 





As the value of A for M2 is smaller than for any of the fixed coils, 
the correction term was always positive when M2 was being used. 
On the other hand, A for M3 is larger than for any of the fixed coils, so 
with this coil the correction was negative. 


13. EFFECT OF THE LEADS 


The correction for the leads to the coils was found by disconnecting 
the windings, short circuiting the leads with drops of solder (see fig. 3), 
and measuring the magnetometer deflection for normal current 
through the leads alone. Since the sensitivity of the magnetometer 
was known, the lead correction could be computed. It was always 
small, but measurable. 
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14. SOURCE OF ERROR 


The most important sources of error in the determinations of the 
ratio of the radii were the following: (1) Error caused by maladjust- 
ment of the coils; (2) errors in temperature corrections; (3) errors in 
load corrections; (4) errors in the corrections for sectional dimensions; 
(5) errors caused by magnetization of the forms; and (6) errors in 
electrical measurements. 

Each of these errors will now be separately discussed, and an 
estimate made of the effect of each error on the ratio of the radii. 

(1) The error in the measured ratio of the radii of any pair of coils 
caused by their maladjustment was small. The series of individual 
adjustments was repeated until each individual adjustment agreed 
with that of the preceding series. After a complete adjustment had 
been made, a check was obtained in connection with the measurement 
of the effective length of the magnet. Lack of perfect adjustment 
probably did not in any case affect the measured value of the ratio of 
the radii by as much as two parts in a million. 

(2) The error in the temperature correction, i.e., the error in reduc- 
ing the ratio of radii from the measured temperature to the standard 
temperature, resulted from uncertainties in the measured temperature 
of the winding and from inaccuracies in the value of the temperature 
coefficient. The.temperature of the winding was obtained by com- 
paring the potential drop across it with the potential drop across a 
standard of resistance connected in series, and could be measured to 
0.02° C. The temperature coefficient was known to about 1 percent. 
Hence the error in reducing the ratio of the radii to standard tem- 
perature for temperature differences less than 7° C (the maximum 
observed) was probably less than three parts in a million for each 
vair of coils. 

(3) The error in the load correction was caused entirely by un- 
certainties in the load coefficient which have already been discussed. 
A consideration of all the factors involved has led the authors to the 
opinion that the error in the ratio of the radii caused by the load 
correction was not more than two parts in a million for any pair of 
coils. 

(4) The error in the corrections for determining the radius of the 
equivalent filament from the cross-sectional dimensions of the coils 
depended on uncertainties in the values of the depth and the breadth 
of the coil. A formula for determining the error in the ratio of the radii 
from the errors in the dimensions of the coils can be obtained by dif- 
ferentiating equation 49. If terms of higher order than the second 
are neglected, the resulting equation is 


Bar _by? 6b, _2 ex? bey _ ba? bby, 2 ca" deo (50) 
2 


If the error in any cross-sectional dimension is assumed to be 0.001 
cm, the resulting error in the ratio of the radii is in no case more than 
three parts in a million for any pair of coils used in this investigation; 
for most pairs it is nearer one part in a million. 

(5) The error caused by any magnetization of the forms was very 
difficult to estimate. In 1911 there were used two sets of fixed coils, 
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which were of the same size, but one of which (L1 L2) was about 100 
times as magnetic as the other (L3 L4). The same result was obtained 
with both sets. The set Li L2 has not been used in the present 
investigation. 

A simple and convenient instrument for comparing the magnetic 
properties of the coil forms and of miscellaneous materials is a 
small astatic magnetometer. Such an instrument having one of the 
small magnets of the moving system about 2 inches below the 
other, was arranged with a series of mirrors in the optical system so 
that the operator could put the material close to one of magnets 
and at the same time watch the spot of light on the scale. All materials 
used in the construction of the current balance and the apparatus for 
determining the ratio of the radii were tested by this instrument. 
It was often difficult to get brass which would not cause a deflection of 
a few centimeters, but, by selection, stock brass could always be 
found that did not give a deflection greater than a few millimeters, 
This was, somewhat arbitrarily, considered satisfactory since coil Li, 
which gave a deflection of about 100 cm, had, in 1911, produced a 
negligible error in the result. A method for the production of non- 
magnetic brass castings has been developed by the Department of 
Terrestrial Magnetism of the Carnegie Institution * of Washington 
and has been found to be very useful for this work. The magnetic 
properties of the materials probably affected the final result by less 
than a part in a million. 

(6) The error caused by the electrical measurements resulted from 
uncertainties in the values of the constants of the electrical circuit. 
The resistances (R, and R, of fig. 11) were frequently measured. 
Since only the ratio of resistances was needed, the temperature of the 
resistance standards was not important as they had approximately 
the same temperature coefficients of resistance and were kept in the 
same oil bath. The load coefficients of resistance were important 
since the two resistance standards carried different loads, but these 
standards were designed to make the load coefficients very small: 
The error introduced by the use of the calibrated slide wire was 
always less than a part in a million. No effect of changing the ground- 
ing connection of the circuit could ever be detected. Thermal electro- 
motive forces were always small and errors from this source were 
avoided by using a false galvanometer zero. Insulation resistance 
was found to be high throughout the circuit. The error in the ratio 
of the radii resulting from the electrical measurements was estimated 
to be less than three parts in a million. 


15. RESULTS 


The results of the measurements of the ratio of the radii can be 
conveniently shown in the form of tables. Table 8 gives typical 
detailed results with one set of coils (M2 $1) after all adjustments 
had been made, and shows how the actual data were taken and 
reduced. The close agreement of the individual measurements and 
the small deviations from the mean value show that the observational 





32 Unpublished communicaticn. Method was developed by C. Huff. 
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errors with this apparatus were small. In fact, individual results 
were often carried to 1 part in 10 million to get significant differences. 


TABLE 8.—Ratio of radii: M2:S1 


(Typical set of data for the determination of the ratio of the radii} 






































co cae bd l 
Sead me Corrections for tem- | 
Average Ratio of °C perature Total cor- | Ratio of radii | Devia- 
Date | slide wire | currents ° rection « | (42/d1) at 22C | tion from 
1932 reading ¢ Ia/T; aca and no load4| mean 
M2| Sl M2 s1 | 
May 13-| 833.8+0.5-.-| 3.4(1.002225) |23. 84)21. 58) —3510-8} —7X10-%) +20X10-*| 0.625(1. 001427) | —2x10-% 
13_| 833.8+-0.7-- 2225 | .83) .58| —35 —7 +20 1427 -2 
13.| 834.4+-0.6- - 2224 .81| .57| —34 —7 +21 1427 —2 
14_| 835.7+0.4-_| 2221 | .61| .59| —30 -7 +25 1428 | —1 
14_| 836.3--0.7- -| 2220 | .63| .58) —31 —7 +24 1426 | —3 
14_| 835.70.5--| 2221 | .66| .57| —31 —7 +24 1427 | —2 
15.| 833.6+0.7-_| 2224 | .80} .60) —34 —7 +21 1427 | —2 
15. 834.140.5-_| 2224 | .8l) .60) —34 —7 +21 | 1427 | —2 
21_} 834.3+0.4-_. 2220 . 26} .62) —24 —6 +32 1434 | +5 
21_| 835.0+0.4_ 2218 . 25) .68; —24 —§ +33 | 1433 | +4 
at. | $9034.0.6._| 2208 22.63) 155) —12 -8 +42 1432 | +3 
24_| 839.1+0.6. 3 2209 | .65| .55| —12 —8 +42 1433 | +4 
Average of the 12 measurements- ------- Jp-----e---- | eee, a | ime te ma | Nh 3x 10-6 
! | BY 





2 The average of 10 observations. The slidewire, having a resistance of 7.6 ohms, was divided into 1,000 
divisions and shunted across a resistance of 0.002097 ohm. 

> The resistances used had the values 0.997090 ohm and 3.4 (1.001060) ohms with slight corrections for daily 
variations. The slidewire reading, divided by 1,000, gives the fraction of the 0.002097 ohm resistance to be 
added to the 0.997090 ohm resistance. This total is divided into the 3.4 (1.001060) ohms resistance to give the 
ratio of the currents. 

¢ In addition to the temperature corrections, the total correction includes the following, in parts in a mil- 
lion: Load S1=—1; load M2=+-4; leads =-+1; "length of magnet =+9; finite section of coils=+-49 

4 The ratio of the radii is obtained by multiplying the ratio of the currents by the ratio of F Rg number of 
turns on the coils (72/392) and adding the total correction. The result is expressed as the product of the nomi- 
nal ratio (0.625) times a number differing slightly from unity. 


Table 9 gives all the results of the determinations of the ratio of the 
radii which were made on the eight combinations of coils. The 1911 
values are given for comparison. 

From the data given in table 9, four independent values of the ratio 
of the radii of the two moving coils have been computed. The average 
variation from the mean of these four values indicates the magnitude 
of the errors in the determinations. As shown in table 10, the average 
deviation from the mean is about three parts in a million. It can be 
shown that an error of three parts in a million in the ratio of the radii 
would have produced, in the most unfavorable case, an error of about 


TABLE 9.—Results of measurements of the ratio of the radii of the coils 





| 
Ratio of radii of coils | Ratio of radii of coils 



































Coils | Coils 
| 1911, cor- | 1933, meas-; 1933, cor- 1911, cor- | 1933, meas-| 1933, cor- 
| rected ure rected ! rected | ured rected ! 
M2:L3. ......- 0. 5001458 | 0. 5001576 | 0. 5001586 || M2:S1___-.-.-|.-..-------- 0. 6258931 | 0. 6258941 
M2:L4........| . 5000498 . 5000714 <Qeeuea- Dae. 24 52 so) - 6261848 . 6261844 
OF . 4013722 . 4013764 4013758 || M3:S1_-...--..| 0. 5022988 - 5022786 ; 502277 73 
_, ee - 4012952 - 4013034 . 4013045 || M3:S2_._..- -| . 5025200 - 5025107 . 5025110 





1 The measured values were corrected to accord with the mean value of M2:M3 given in table 10. 
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four parts in a million in the absolute value of the current, which is 
much less than the observed inaccuracy. As the measurements of the 
ratio of the radii were sufficiently accurate for the purpose of this 
investigation, detailed data have been omitted. 

In order to slightly improve the final result of this investigation, the 
mean ratio of the radii of the two moving coils (see table 10) was as- 
sumed to be correct, and the measured values of other ratios were 
corrected to make them consistent with this mean. These corrected 
values of the ratio of the radii are given in the last column of table 
9, and are the ones used in the computations of the current in absolute 
measure. 


TABLE 10.—Computed ratio of the radii of the 2 moving coils using each fixed coil as 
intermediate 














| 

Ratio of Variation 

Intermediate fixed coil radii from 

M2:M3 mean 
Parts per 

million 
EE ene nse ea Se ae: . a en, aes eee eee ee 1. 246107 -3 
REAR Ti a th EON SR le SY a 1, 246113 +2 
RS Re Oe eae CN Ps he) eRe Pa etna Eee: Cae a, aiiinnteisadiias 1, 246107 ~3 
Ge ee Lat aE et BG OER # Tas Ee 1. 246117 +5 
eT ee Ce Fae | SE ee Se ee eee | 1, 246111 +3 








VI. EXPERIMENTAL DETERMINATION OF THE MAXI- 
MUM FORCE BETWEEN THE COILS 


The experimental determination of the maximum force between 
the coils was accomplished by placing the two fixed coils in their 
correct positions and measuring the force at a number of positions 
of the moving coil. The fixed coils were placed by mechanical 
methods so that they were approximately coaxial and at the proper 
distance from each other. The axes of the coils were made vertical 
by leveling the coil forms. After making a set of measurements of the 
force, the fixed coils were sometimes readusted to reduce the correc- 
tions for maladjustment. Measurements of the force on the moving 
coil were made both with the currents in the two fixed coils in opposite 
directions and with them in the same direction. In the first case a 
large force was obtained (called the sum of the forces) and in the 
second case the resultant force was very small (called the difference 
of the forces). There would be no force in the second case if the two 
fixed coils were identical and the coils were in perfect adjustment. 


1. MEASUREMENT OF THE FORCE FOR A GIVEN ARRANGEMENT 
OF THE COILS 


For any given arrangement of the coils, the electromagnetic force 
produced by a current in the coils was compared with the gravitational 
force on a weight of known mass. A series of determinations of the 
rest point of the balance was made, but between each determination 
and the next the current in the fixed coils was reversed and at the 
same time the weight which counterbalanced the electromagnetic force 
was added or removed. ‘The series of determinations of the rest point 
which is required for a measurement of the force is called a run. In 
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each run there were made at least 6 rest-point determinations, every 
one of which was obtained by reading at least 5 turning points of 
the optical lever attached to the balance beam. 

To obtain the force for a given arrangement of coils, the rest points 
of a run were plotted as ordinates with the times of determinations 
as abscissas. Normally the plotted points lay on two parallel straight 
lines, one containing the points obtained when the direction of the 
current in the fixed coils was such that the weight was placed on the 
pan of the balance, the other when the current was reversed in the 
fixed coils and the weight removed. The change in the rest point, 
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Figure 15.—Data on typical runs with the current balance. 
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The upper set, taken May 17, 1932, indicates that 0.74 mg should be added to the value of the weight 
(8.42986 g when corrected for the buoyancy of the air) to give the doubled electromagnetic force 
(8.43060 g) on the moving coil. The lower set, taken November 1, 1932, indicates that 0.10 mg should be 
subtracted from the value of the weight (11.91769 g when corrected for the buoyancy of the air) to give 
the doubled electromagnetic force (11.91759 g) on the moving coil. The above results are used in table 15. 


obtained from the vertical distance between the two lines divided by 
the change in the rest point produced by one milligram, gave the 
difference between the electromagnetic force and the force produced 
by gravity on the mass of the weight which was added and removed 
from the pan of the balance during the determination. Figure 15 
gives the plot of two typical runs. 

In the normal case just described, the rate of change in the rest 
point during a run was generally constant (sometimes zero) as shown 
by the fact that the plotted points lay on straight lines. In some cases 
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the plotted points did not lie on straight lines. In general, the data 
obtained in such cases were discarded, but occasionally the points lay 
on smooth curves, having a constant vertical distance between them. 
The data obtained in such cases were used. 






2. ADJUSTMENT OF THE COILS 






It has been shown in section IV that there are 12 important adjust- 
ments to be made in placing the coils in the current balance, 6 of 
which are rotations of the coils and 6 translations. The correctness 
of the rotational adjustments was determined by means of levels; 
that of the translational adjustments by electrical methods. 

The lower fixed coil was supported on three leveling screws by means 
of which the coil could be made horizontal with the aid of an accurate 
level placed on the coil form. The upper fixed coil was held in place 
by three spacing rods which rested on the lower coil and the whole 
fixed coil assembly was clamped in position by three clamping screws 
above the upper coil. The three spacing rods were carefully made 
to have the same length and to have parallel ends so that, if the lower 
fixed coil was level, the upper one would be level also. Little trouble 
was experienced in setting both coils level within 30 seconds of are, 
which was about 10 times the accuracy required. 

The moving coil could not be leveled in the same way as the fixed 
coils because the mounting was not rigid enough to permit a level to 
be placed on the form. A machinist’s surface gage was placed on 
the lower fixed coil, and the moving coil was adjusted until the pointer 
from the gage touched the moving coil form at corresponding points 
when placed at several positions around the circumference. This 
method was not as accurate as the one used for leveling the fixed coils. 
With care, the adjustment could be made to 0.2 mm or less, which, 
for the smaller coil, corresponded to an angle of less than 5 minutes. 
The maximum error of this adjustment produced an error of less than 
one part in a million in the final result. 

In the above it has been assumed that the plane of the winding of 
each coil was parallel to the plane of the outside of the coil form. 
Since the coils were carefully and accurately made, this is a reasonable 
assumption. However, it was tested in 1911 when measurements 
were made with the fixed coils inverted as well as in two orientations, 
differing by 120°, and no measurable change in the result was produced 
by either change. These tests were not repeated in this investigation, 
since the same coils were used. 

The translational adjustments are most easily described by referring 
them to a system of rectangular coordinates, having the origin mid- 
way between the planes of the fixed coils and midway between their 
vertical axes, and having one coordinate axis vertical, one north and 
south and the third east and west. The description is also simplified 
by assuming that the two fixed coils of each combination are exactly 
alike. The coils used are so nearly alike that this does not affect the 
conclusions. The moving coil was moved im the direction of each of 
the coordinate axes, and the sum of the forces for a given current was 
observed at several positions. For the adjustment along the vertical 
axis, the force was a maximum when the moving coil was midway 
between the two fixed coils. For the adjustment along either of the 
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horizontal axes, the force was a minimum when the center of the 
moving coil coincided with the other horizontal axis. If the two fixed 
coils were so perfectly adjusted that their axes coincided and that 
they were at the correct distance apart for both coils to produce 
maximum force on the moving coil when placed midway between 
them, then the sum of the forces, when the center of the moving coil 
was at the origin of coordinates, ‘would be the force required for the 
computation of the absolute value of the current. 

The correction for the imperfect adjustment of the fixed coils was 
obtained by measuring the difference of the forces at several points 
along each of the three coordinate axes. If the adjustments were 
perfect, at all points near the origin the difference of the forces would 
be the same (zero if the fixed coils were identical). If the adjust- 
ments were not perfect, the difference of the forces would vary linearly 
with the displacement ‘along the axes. The slope of the line for the 
difference of forces along the vertical axis could be changed by varying 
the distance between the two fixed coils. In every case the distance 
between the fixed coils was changed until the line had so little slope 
that the correction for lack of correct spacing was less than a part in a 
million. In the case of the two horizontal axes no attempt was made 
to adjust the fixed coils so that they would be more nearly coaxial, 
but the correction for lack of coaxiality was seldom more than one 
or two parts in a million. The theory by which the correction 
for imperfect adjustment of the coils was made has been given in 
section IV. 

An actual series of adjustments was made as follows: The coils 
were leveled and placed as nearly as possible in their correct position 
by mechanical measurements. With the current through the coils 
maintained constant, a series of measurements of the sum of the forces 
was made for several different vertical positions of the moving coil. 
The vertical position was read by noting the rest point of the balance, 
and was changed by adding weights to a pan of the balance. The 
observed sum of the forces was then plotted as ordinate with the 
vertical position of the moving coil as abscissa, a series of observations 
giving a curve with a maximum ordinate. At the position of the 
maximum force, the moving coil was midway between the two fixed 
coils. 

With the current maintained constant and the moving coil kept 
midway between the two fixed coils, the sum of the forces was meas- 
ured for several positions of the moving coil along one horizontal axis 
(say the north-south direction). This adjustment was made by a 
displacement of the entire balance as described in section II and the 
position was measured in terms of the revolution of the screw by which 
the adjustment was made. The sum of the forces was plotted as 
ordinate and the position in the north and south direction as abscissa, 
a set of observations giving a curve with a minimum value of the 
sum of the forces at a definite north and south position. The moving 
coil was placed at the position indicated by the minimum point and 
an exactly similar adjustment made in the east-west direction. When 
the moving coil was placed at the minimum position in the east-west 
direction, the center was then midway between the axes of the two 
fixed coils and midway between their planes, i.e., at the origin of 
coordinates. 
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3. SUM OF THE FORCES 


Following the adjustments outlined above, a set of measurements 
of the sum of the forces was made, to be used in determining the force 
from which the absolute value of the ampere could be computed. 
The set consisted in measuring the force with the center of the moving 
coil as near as possible to the origin of coordinates, then at two posi- 
tions equally displaced from the origin, and located on the same 
coordinate axis, then again at the origin, followed by two positions 
equally displaced along another coordinate axis, etc. A complete 
set consisted of at least 4 measurements at the origin, and, for each 
of the coordinate axes, 2 measurements at points equally displaced 
from the origin. The horizontal position was relatively stable so 
that two measurements equally displaced from the origin were a 
sufficient check on each horizontal adjustment. The vertical posi- 
tion of the moving coil and also the optical system by which its posi- 
tion was measured depended on several variable factors so that the 
vertical adjustment was checked often, usually daily. 

Each series of measurements made at a given position of the moy- 
ing coil has been defined as a run. If the center of the moving coil 
is at the origin of coordinates, the run is called a final run. At other 
positions of the moving coil, the runs are called adjustment runs. 

All of the final runs in each set of measurements were included 
in determining the value of the ampere. The adjustment runs served 
merely to insure that the center of the moving coil was at the origin of 
coordinates during the final runs. Since the shape of the curve 
connecting force and displacement was known from the preliminary 
set of measurements, three points were enough to determine the 
whole curve. The value of the electromagnetic force between the 
coils after all.the adjustments had been made was thus determined 
from each of the final runs, and this value was used in computing the 
value of the current in absolute measure. The results are given in a 
following section. 





4. DIFFERENCE OF THE FORCES 


The principal reason for measuring the difference of the forces was 
to correct the sum of the forces for the lack of coaxiality of the fixed 
coils and for their incorrect spacing. In the region near the origin of 
coordinates, the difference of the forces is a linear function of the 
displacement of the moving coil along any coordinate axis. For 
obtaining the correction to the sum of the forces, only the slope of the 
line obtained by plotting the difference of forces against displacement 
of the moving coil is required. Hence for this purpose, measurements 
were necessary only at two positions along each coordinate axis, but, 
as a check, were made at three or more positions. 

Additional reasons for measuring the differences of the forces were 
to obtain a check on the computations and to determine the effect 
of the magnetic properties of the surrounding medium on the measured 
sum of the forces. The latter reason will be considered in another 
section. In computing the force for unit current, the computations 
were made separately for each pair of coils. By subtracting the 
values, the computed difference of the forces for unit current was 
obtained. The difference of the forces was then measured with a 
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known current in the coils and the result compared with the com- 
puted difference for this current. Since the computed difference is 
the result of the subtraction of two large and nearly equal quantities, 
a small error in measuring the ratio of the radii of the coils, or in 
computing the maximum force for either coil, or in adjusting the coils 
will produce a relatively large difference between the observed and 
computed difference of the forces. 

The results obtained on the difference of the forces are given in the 
next section. They were subject to two possible errors, which were 
peculiar to these measurements only. The lead correction was made 
only for measurements of the sum of the forces. Since the connec- 
tions were slightly different when the difference of the forces was 
measured, the lead effect might have been slightly different in the 
two cases (sum and difference of the forces). This was not realized 
at the time the measurements were made but as it could not affect the 
absolute value of the current, the measurements were not repeated. 

In 1911 it was found that the value of the difference of the forces 
changed slightly when the two fixed coils were interchanged, the 
mean of the two values differing less from the calculated values 
than either value alone. The effect was small and did not seem 
important enough to justify the extra work which would have been 
required to investigate this point. 


5. SOURCES OF ERROR AND CORRECTIONS 


There are several sources of error in the absolute measurement of 
the current by means of the current balance. Corrections could 
be made for most of them, and those for which no correction could 
be made were thought to be small. Many of them are the same 
as those already discussed in connection with the measurement of 
the ratio of the radii. Some of these were of such a nature that 
they tended to cancel errors made in the measurement of the ratio 
of the radii, while others were independent of the previous measure- 
ments. The major sources of error and the corrections to be made 
for them will be considered in the following paragraphs. 


(a) ADJUSTMENT OF THE COILS 


Since there were 12 adjustments which were independent, one 
might expect that the total error would be relatively large. How- 
ever, at various times, the coils were removed, replaced, and read- 
justed, and whenever this was done, the results of the measured 
force in the two cases agreed within a few parts in a million. It is 
estimated that the error caused by maladjustment of the coils never 
exceeded six parts in a million in the determination of the force or 
three parts in a million in the measurement of the current. 


(b) SENSITIVITY OF THE BALANCE 


The sensitivity of the balance was used in determining the small 
difference between the force of gravity on the weight and the electro- 
magnetic force between the coils. In practice the weights and resist- 
ances used with a particular set of coils were adjusted so that the 
difference between the gravitational and electromagnetic forces was 
very small, in which case the sensitivity of the balance did not need 
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to be known accurately. Nevertheless, the sensitivity was measured 
frequently and found to change very little after the balance and 
coils were set up and adjusted. It is estimated that the error in the 
measured sensitivity did not produce an error in the measured force 
as large as one part in a million. 


(c) WEIGHTS AND BUOYANCY CORRECTION 


The masses of the weights were measured by the mass section 
of this Bureau and the results certified to be correct to 0.01 mg. 
They were measured before and after each complete series of force 
determinations and the change in mass of any weight was never 
larger than 0.01 mg. 

The density of the gold-platinum weights was 19.5 and of the 
platinum-iridium weights was 21.5 grams per cubic centimeter. The 
correction to the force for the buoyancy of the air at a temperature 
of 22 C, a pressure of 760 mm, and a relative humidity of 50 per- 
cent, was 63 parts in a million for the gold-platinum weights and 57 
parts in a million for the platinum-iridium weights. The high density 
of the weights not only decreased the correction for buoyancy of the 
air, but minimized the changes in the buoyancy correction caused 
by changes in the temperature, pressure, and humidity of the air. 
The temperature, pressure, and humidity of the air were always 
measured, and the standard buoyancy correction modified, if neces- 
sary. The error introduced into the measurement of force by errors 
in the determination of the mass of the weights and in the buoyancy 
correction was estimated to be less than two parts in a million, 
which would make an error of less than one part in a million in the 
value of the current. 


(d) ACCELERATION OF GRAVITY 


The value of the acceleration of gravity was as important a factor 
as the mass in determining the gravitational force. The value of 
gravity which has been used in this investigation depended directly 
on the determination of the absolute value made in Potsdam,* 
Germany, where a value of 981.274 +0.003 cm/sec? was obtained. 
The value at a base station in Washington has on three occasions 
been accurately compared with that at Potsdam by means of pendu- 
lums, once ** in 1900, a second time * in 1928-29, and again * in 
1933. The value of gravity at the present base station in the Com- 
merce Building,” in Washington, resulting from each of these deter- 
minations is as follows: 


IR ee nas 28 ad eed ae Oe ee ae 980. 113 em/sec? 
NI cig csainc: wie bs Sl shade a De a a oe en OE 980. 118 
Ree to ee eee ee Peels oe od 980. 118 


The transfer in Washington from the Coast and Geodetic base 
stations to the Bureau of Standards was made in 1910 and in 1933. 
The determination made in 1910 at this Bureau gave a value of 


33 Veroeffentlichung des Konigl. Preus. Geodiitische Institutes, Neue Folge no. 27, 1906. 

34 U.S. Coast and Geodetic Survey Report for 1901, appendix 5. : 

35 A determination of the relative value of gravity at Potsdam, Greenwich, Ottawa, and Washington, 
by A. H. Miller. Pub. of the Dominion Observatory, Ottawa, vol. 11, no. 2, 1931 : 

% The report on this comparison has not yet been published, but the result has been communicated 
by letter to the authors. 

7 The values here given for 1900 and 1929 are 0.001 cm/sec? higher than values published when the 
ee were made, since those applied to the former Coast and Geodetic base station which is 
now abandoned. 
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980.095 cm/sec? for the acceleration of gravity at a pier in the base- 
ment of the south building. This value was based on the transfer 
made in 1900 from Potsdam. The measurements made in 1933, 
following the 1933 transfer from Potsdam, gave a value of 980.100 
cm/sec? at a pier in the constant temperature room of the east build- 
ing, which pier is 6.4 meters below the level of the old pier. Correct- 
ing for this difference in level, the 1933 value at the level of the old 
pier is 980.099 cm/sec’. 

The value assigned to the acceleration of gravity at this Bureau 
depends not only on the transfer from Potsdam to the Washington 
base station but also on the transfer from the Washington base 
station to the Bureau. Since in neither case do the 1933 values agree 
with the older values, four possible values may be assigned to the 
acceleration of gravity at any place at this Bureau. The four values 
at the elevation of the current balance (103 meters above sea level 
which is also the level of the old pier) are: 


Potsdam to Washington 


Washington base station to Bureau |-———_—__-—————_—_——_-—— 


1933 | 1900 
— 8 ee } — — 
1910..___- RR. DARE LET Re RE IS oe | 980.100 cm/sec? 980. 095 em/see 
eas puso rea se awdeasinponatsenbambiwdadeucsacenmace wel 980. 099 | 980. 094 
| 


Mean.----- piccnceepuadseneeiuoo sesame caeecse| . SEORION ieee :|  SERGRF-em/aeo 2 
| 2 


An absolute determination of the value of the acceleration of gravity 
is now in progress at this Bureau, but the result is not yet available. 
There are, however, indications that the value obtained from this 
determination may differ by several parts in a million from the value 
as transferred from Potsdam. Hence, pending a decision as to the 
most probable value at this Bureau, the value used in 1911 has been 
retained in this investigation, making a correction for the difference 
in elevation of the two laboratories. The value which has been used 
is 980.095 cm/sec”. Had the result of the recent transfer from Pots- 
dam been used, the final value of the current would have been changed 
by only two parts in a million, which is negligible in comparison with 
other errors. 


(e) CORRECTION FOR THE TEMPERATURE OF THE COILS 


To correct the measured force for the change in radius produced 
by the difference between the temperature of the coils and the stand- 
ard temperature (22 C), the change in the radius of each coil produced 
by this temperature difference was computed from the temperature 
coefficient of expansion. If a is the radius of a coil, 7 its coefficient of 
expansion, and At the amount by which the measured temperature 
exceeds the standard temperature, then from equation 43 the increase 
in its radius, Aa is given by the equation 


Aa=arAt or Aa/a=rAt. (51) 


It follows that the relative change in the ratio of the radii, Aa/a, of 
the two coils having, at the standard temperature, radii a; and ay, 
respectively, is 


Aa/a= Ad,/a,— Ad,/a; = T2At, — 7, At, (52) 
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where all symbols having a subscript two apply to the small coil, and 
those having subscript one to the large coil. 

The relative change in the maximum force corresponding to a 
known relative change in the ratio of the radii is given by the formula 
(see equation 5) 
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where § mis the maximum force, a the ratio of radii and ¢ is a constant 
for any particular value of the ratio of the radii. ‘The value of € can 
be computed from the ratio of the radii by the formula * 

i~ i. 1—a 


eS = 5 = rr: —" ae. a 9 
227 Dyn ee ae ee ‘ 

m 9  . Se. eS 4 
. (5 iE” ) 


where y™ is the ratio of the distance for maximum force to the radius 
a, of the large coil. A table of the values of ¢ for different values 
of a from 0 to 1 had been prepared by Grover ® before the develop- 
ment of the above formula. The values which were used in the pres- 
ent investigation were computed from equation 54 and are given in 
the following table. 











TABLE 11.—Values of the constant € used in the equation 





AV m 4 _ae 


= 
iy m a 
Ss “| re 
| a € 
| | 
et 7 
0.4013 | 2.312 | 
5001 | 2.549 | 
5023 | 2.555 | 
6260 3.083 | 


From equations 52 and 53 the expression for determining the maxi- 


mum force at the standard temperature, (§m)22, from the force at the 
observed temperature, (§m)ovs 1S 
(F m) 22 = (3 m) ods [1 i e(72,At, — 7,At,)]. (55) 


The errors made in applying the temperature correction of the coils 
were the same as those in the determination of the ratio of the radii 
which have already been discussed. It is to be noted, however, that 
if the temperatures of the coils in the measurement of the ratio of 
the radii were the same as when the coils were used in the current 
balance, the correction to standard temperature would be the same in 
both cases, so that no error would result. In practice it was not 
possible to have the two temperatures the same, but efforts were made 
to keep them as close as possible. No error was caused by assuming 
that the value of the temperature coefficient of resistance of the copper 
wire in the coils was 0.0039 per degree centigrade since this value was 
used in the measurement of the coefficient of expansion as well as in 





38 This formula is adapted from equation 23 of Snow’s paper. See footnote 25 for reference. 
39 Table 5, p. 373 of Grover’s paper. Reference footnote 15. 
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its application. It is estimated that the total error introducea into 
tae final value of the current because of errers in the temperature 
correction was not more than two parts in a million. 


(f) CORRECTION FOR THE ELECTRICAL LOAD ON THE COILS 


In order to correct the observed force for the electrical load on the 
coils a formula for the load correction was derived from equations 43 
and 53 in the same manner as equation 55 for tne temperature cor- 
rection. The formula is 


(¥ m)o = (Fm) ovsll + €(Yop2— Wip1)] (56) 
where 


(%m)o= the maximum force per unit current that would have been 
obtained with two coils if their loads had been zero 
(%m)ovs = the force per unit current with the observed load 
y, and ¥.=the load coefficients of the large coil and the small coil 
respectively 
p, and p2= the loads in watts. 


The value of ¢ is the same as given in equation 54. 

One of the best checks on the accuracy of the load corrections was 
the good agreement obtained between the results taken with different 
currents and hence different loads. The error that may have been 
introduced into the final value of the current because of errors in the 
load correction is estimated to be less than three parts in a million. 


(g) LEAD CORRECTION 


The correction for the leads to each of the coils of the balance was 
determined experimentally. The terminals of each winding of each 
coil were constructed so that the windings could be disconnected by 
melting drops of solder and the leads short-circuited by adding a drop 
of solder. (See fig. 3, p. 672.) When this was done for the fixed 
coils alone, an experimental determination of the force with normal 
current through the moving coil and the fixed-coil leads gave the cor- 
rection for the fixed-coil leads. ‘The correction for the moving-coil 
leads was determined in a similar manner. The algebraic sum of the 
two gave the total correction, which was seldom more than a few 
parts in a million. This was determined for every coil combination. 
The error in this measurement was about the same as in any force 
determination, producing an error on the final result of not more than 
two parts in a million. 


(h) CHANGES IN THE REST POINT DURING A RUN 


During an actual run, there were often slight irregularities super- 
imposed upon the uniform rate of change of the rest point. (See 
fig. 15.) In such a case, the number of rest-point determinations was 
increased. The number of observations required for a run was deter- 
mined by the operator. As the data were taken, the observer judged 
whether the points would lie on two parallel straight lines. If the 
first six points appeared to satisfy the above condition, the operator 
decided that sufficient observations had been made for arun. If the 
first six points did not appear to be satisfactory, several more were 
taken until it appeared certain that there were enough points to 
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establish a satisfactory average line. Under normal conditions, an 
experienced operator could repeat results by this method to within 
0.02 mg. When the total electromagnetic force was 10 grams, the 
maximum error from this source was two parts in a million in the 
determination of the force, causing an error in the measurement of 
the current of one part in a million. When the force was smaller, that 
is, when smaller currents were used, the relative error was larger, 





(i) CONVECTION CURRENTS IN THE AIR 


Air currents which affected the balance were set up around both 
the moving coil and its flexible leads by the heat produced by the 
current in them. These air currents caused, on the parts with which 
they were associated, an upward force, equivalent to a few tenths of a 
milligram. How ever, the method of comparing the electromagnetic 
and gravitational forces, by reversing the current in the fixed coils and 
at the same time adding or removing a weight, allowed the heating of 
all parts to remain constant and therefore the air currents should have 
remained constant. However, these air currents were very suscep- 
tible to changes in the temperature of surrounding objects. The 
effect of any change in the air currents was to alter the rest point of 
the balance. Methods of minimizing the effect of slight irregularities 
in the rest point have already been discussed and the error produced 
by such irregularities has been estimated in the preceding paragraph, 


(j) MAGNETIC BODIES 


Magnetic bodies may, in considering their effect on the measured 
force, be divided into the three following classes: 

(1) Magnetic masses attached to the moving system.—The magnetic 
masses which were attached to the moving system produced a force 
by virtue of the attraction between them and the fixed coils, If this 
force had been appreciable, the rest point of the balance would have 
changed when the current in the fixed coils only was changed from 
zero to its normal value. No definite effect was ever found. The 
only magnetic masses in the moving system were the steel knife 
edges of the balance beam and they were located a little more than 
a meter from the nearest coil. The magnetic field of the moving coil 
would tend to magnetize the moving masses, so that all material in 
the moving system that was near the coil was carefully tested and 
was found to be nonmagnetic. 

(2) Magnetic masses outside the balance.—The magnetic masses 
which were outside the balance produced a force because of the attrac- 
tion between them and the moving coil, and also a possible attraction 
between them and the moving magnetic masses on the balance. 
However, in these measurements, the field of the fixed coils was re- 
versed so that only that portion of the attraction which reversed 
when the field of the fixed coils reversed caused an extraneous force 
that was included in the measured force. Permanent magnets pro- 
duced no error because the sign of the force caused by them did not 
change when the field of the fixed coils was reversed. However, soft- 
iron masses which were magnetized by the field of the fixed coils 
reversed the sign of their force on the moving coil when the magnet- 
izing field of the fixed coils was reversed, and if unsymmetrical with 
respect to the coils, would affect the measured force. Unsymmetrical 
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soft-iron masses generally produced a greater error in measuring the 
difference of the forces than in measuring their sum, since the external 
magnetic field above and below the coils was greater in the former case. 
The agreement between the computed and observed difference of the 
forces indicated that the presence of existing unsymmetrical soft-iron 
masses (if any were present) had little effect on the difference of the 
forces. If the fixed masses were symmetrical, the measurement of 
the difference of forces would not have detected them. 

The only iron masses which were approximately symmetrical were 
the pipes in a shaft at a distance of about 3 meters from the balance. 
These were so distant that no effect appeared probable. 

In addition to the iron pipes, there was some iron machinery about 
3 meters above the balance. In 1911 it was found that 75 kg of 
iron placed 116 cm below the moving coil had an effect of not more 
than one part in a million on the sum of the forces and about 10 times 
as large an effect on the difference of the forces. The effect of a given 
mass of iron decreased rapidly with increase in distance. Since there 
was no appreciable amount of iron within 3 meters of the balance, 
the error caused by fixed magnetic masses must have been much less 
than a part in a million. The measurements on the difference of the 
forces support this conclusion. 

The water jacket of brass or copper which surrounded the moving 
coil was so close to the coil that a slight magnetic susceptibility might 
affect the force on the moving coil. The jackets were tested for their 
magnetic properties with the astatic magnetometer (see p. 710) and 
their susceptibilities were found to be essentially unity. In addition, 
weighings with and without the jackets gave no difference in the 
results. 

(3) Magnetic bodies as a part of the coils themselves.—Magnetic 
bodies which were a part of the coils themselves might have caused 
the external fields to be different from those computed, and therefore 
have caused the measured force to be different from the computed 
force. This was tested in 1911 by sticking iron filings to a piece of 
cloth and wrapping it around the fixed coils. No effect was noted. 
Also, the two sets of large fixed coils L1 L2 and L3 L4 used in 1911 
differed principally in their magnetic properties. When brought in 
turn near an astatic magnetometer, coils L1 and L2 produced a de- 
flection of the needle about 100 times that produced by L3 and L4. 
The absolute value of the current obtained with the two sets of coils 
agreed closely. These two lines of evidence indicate that the mag- 
netic properties of the particular coils used in this work had a negli- 
gible effect on the force. 


(k) EXTERNAL MAGNETIC FIELDS 


The effect of the external magnetic field was measured by observ- 
ing the change of force when the current through the moving coil 
was reversed; there being no current in the fixed coils. On several 
occasions the change of force was about 0.7 mg when a current of 
0.8 ampere in the moving coil was reversed. This force, when con- 
stant, produced no error in the comparison of the electromagnetic and 
gravitational forces, because the moving-coil current was not reversed 
during a measurement. The only chance for error was in case the 
external nonuniform magnetic field changed during a run. Such a 
change would cause an irregularity in the rest point which could not 
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be distinguished from irregularitites caused by variations in the con- 
vection currents in the air. The graphical method of treating the 
rest-point data gave an opportunity for eliminating such an irregular- 
ity. In plotting the curve connecting the rest point with the time 
of observation, a single point, which did not lie on the curve through 
the remaining points, could be neglected on the assumption that the 
rest point had been displaced by a change in the nonuniform portion 
of the external magnetic field. The ease with which such unusual 
points were detected and eliminated was an added reason for using 
the graphical method for the treatment of the observed data. (See 
fig. 15.) 


© 


(1) CORRECTION FOR THE FINITE CROSS SECTION OF THE COILS 


The errors which arose in applying the correction for the finite 
cross section of the coils were caused by the uncertainty in the actual 
cross sections. A formula” for the effect on the force of estimated 
errors in the cross-sectional dimensions has been obtained by adding 
the derivatives of the expressions for the effect of cross section on the 
ratio of the radii (equation 49) and on the force between the coils 
(equation 7). The formula is 


Um 1 | (1+ 6) +f) Ao i a ma ms 5b, 
~ 2a i a,” a,” b, 
b,? oe || (57) 


The symbols have the same significance as in oti 7 p. 684. Fora 
coil with square cross section (b=c) the error in the force for a given 
error in b is the same, but of opposite sign, as for a like error in c. 

The errors, computed by the above formula for 6,=6,= +0.0005 cm 
(each dimension in error by +0.01 mm), are given in table 12 for each 
pair of coils that was used. They are in substantial agreement with 
those obtained in 1911 by a different procedure.*! 


TABLE 12.—Effect of errors in the sectional dimensions of the coils on the computed 
value of the force per unit current. 





| 

5§ m/¥m—Darts per 
| Radii Dimensions of square million ie Sham 
| 


section dc=+0.0005 em 





| Fixed «: |Movinges| 5'%0i | Moving | Fixed | Moning 





20 ® . ; £8. 33 
25 . , . ; +5. 33 
25 . ; . £6. 64 
20 . : ‘ ‘ +7. 61 








| 
| 
| 
| 
| 














* The error is positive for the radial dimensions (c) and negative for the axial dimensions (6). 


The errors are independent, that is, they may have either sign, so 
that the actual error caused by all errors in the sectional dimensions 
is not equal to the resultant of the separate errors. 


# Equation 27 of Snow’s paper. Reference footnote 25. The term 67/7 of Snow’s equation has beet 


assumed to be zero. 
41 See table XIII on p. 334 of reference in footnote 8. 
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7 Absolute Determination of the Ampere 725 
The importance of accurately knowing the sectional dimensions is 
evident from the table. Also, the dimensions of the moving coils 
are more important than those of the fixed coils. From an analysis 
of the data which were obtained when the coils were wound, the authors 
have concluded that each dimension of each coil may have been in 
error by as much as 0.02 mm. Hence the maximum possible error, 
in ¥m, even with the pair of coils in which a knowledge of the sectional 
dimension was most important, was only 36 parts in a million, 
corresponding to an error of 18 parts in a million in a determination of 
the current. 


(m) ERRORS RESULTING FROM DIFFERENCES BETWEEN THE ACTUAL AND THE 
THEORETICAL COILS 


The actual coils differed somewhat from those which were assumed 
in developing the theory of the current balance. The conditions 
that the actual coils failed to meet were (1) the wires were not uni- 
formly distributed throughout the cross sections of the coils; (2) the 
currents in the two windings of a coil when connected in parallel were 
not exactly the same; (3) the distribution of the current in the cross 
section of any wire may not have been uniform, and (4) the coils were 
not exactly circular. No estimate has been made of the error intro- 
duced by the first of these conditions. The second has been tested 
experimentally and the third and fourth have been treated theo- 
retically. 

The theory of the current balance has been developed on the assump- 
tion that the wires of each layer are uniformly spaced and that the 
wires of different layers all lie in planes which are perpendicular to 
the axis of the coil. Such a condition cannot be met in any actual 
coil, and in coils with a double winding, such as used in this investiga- 
tion, the deviation from the theoretical condition was necessarily 
appreciable. The wires of each layer were wound in spirals, and 
because of slight irregularities in the wires were never perfectly 
spaced. But perhaps the greatest difficulty arose in transferring the 
wires from one layer to the next. According to theory the wires should 
be transferred from one layer to the next on a radius of the coil. In 
the actual coils a small fraction of a turn was required for this transfer. 
No satisfactory method for estimating the effect of these imperfections 
on the final result has been developed. 

Each coil had two windings which were placed side by side as the 
coil was wound. In using the coil these two windings were con- 
nected in parallel. As the resistance of the two differed slightly, one 
winding carried more current than the other. The current could be 
made the same in the two windings by adding a small resistance in 
series with the winding having the lower resistance. The effect on 
the force of equalizing the currents in the two windings was too small 
to be detected experimentally. 

The effect of a nonuniform current distribution in each wire has 
been investigated theoretically. It was shown that the distribution 
produced no effect on the absolute value of the current provided the 
ratio of the radii was measured by the electromagnetic method. 

The effect of the lack of circularity of the coils on the force can be 
estimated by computing the force that would have been exerted if 
each coil had been composed of two semicircles, one having a radius 





* See conclusion of Snow’s paper. Reference footnote 25. 
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equal to the largest radius of the actual coil and the other having a 
radius equal to the smallest radius of the coil. Such a computation 
has been made for the coils L3 and M2, which were the two that 
showed the greatest departure from circularity when measured during 
construction. The correction to the force as computed for a circular 
coil was less than a part in a million. 


(n) PREDICTED ERROR IN THE ABSOLUTE VALUE OF THE CURRENT 


The maximum error in a single determination of the absolute value 
of the current could be predicted by summing the estimated errors 
for the different effects that have just been described. For conven- 
ience, the estimated errors will be divided into two classes, (1) those 
which are apparent from measurements on a single set of coils and 
(2) those which are disclosed only when the results on two or more 
sets of coils are available. Summing the estimated errors of the first 
class, no result of the absolute value of the current should differ from 
the mean obtained with that set of coils by more than 10 parts in a 
million. The results given later show that so large a deviation was 
seldom encountered. Hence it is probable that all the important 
sources of error which are disclosed by measurements with a single 
set of coils have been considered. 

In the preceding discussion, an estimate has been made of the maxi- 
mum possible effect on the absolute value of the current of three 
errors, the influence of which, on the absolute value of the current, can 
only be detected by measurements with different combinations of 
coils. These errors are those affecting the ratio of the radii, the 
adjustment of the coils in the current balance, and the cross-sectional 
dimensions of the coils. The maximum possible difference from the 
mean of the average result on any set of coils was estimated from these 
3 errors to be 24 parts in a million in the absolute value of the current. 
This maximum possible difference is much less for 1 combination of 
coils than the observed difference from the weighted mean result, is 
very nearly equal for 2 combinations of coils, and is much greater for 
only 1 combination of coils. (See table 16.) Of the 3 errors which 
might cause this difference, the first 2 were checked experimentally, 
and the errors found to be approximately those estimated. Those 
concerning the cross-sectional dimensions of a coil can be checked by 
assuming an error in the dimensions of a coil that will make the result 
for a coil combination in which it was used the same as the mean 
result of all the coils. No reasonable assumption concerning cross- 
sectional errors will provide corrections that will give the same abso- 
lute value of the current for each set of coils. Hence there appears to 
be some source of error for which no estimate has been made, perhaps 
some of those discussed in (m). 


VII. THE VALUE OF A CURRENT IN B.S. INTERNATIONAL 
AMPERES AND IN ABSOLUTE AMPERES 


The value, in absolute amperes, of one B.S. international ampere, 
has been obtained from observations on four combinations of coils. 
For each coil combination, a number of sets of observations were made 
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Absolute Determination of the Ampere 


and the results averaged to obtain a value for that combination of 
coils. The final value is the weighted average of the results for the 
four combinations of coils. 

The first step in determining the absolute value of the current from 
the measured force was to compute the constant §, for each pair of 
coils. This was done by the methods given in section IV using the 
corrected values of the ratio of radii as given in table 9. The results 
of the computation are given in table 13. 


TABLE 13.—Constants for computing the current from the force 


[For nomenclature see equation 7,2 p. 684] 





























‘oe | Increase 
Coil + Ym Pr. Aa As Fm from 1911 
bal value> 
Parts per 
million 
M2:L3 0. 5001586 0. 3835 5. 356342 —88X 10-6 +-0. 5X 10-6 5. 355877 —6 
M2:L4 . 5000701 . 3836 5. 353925 —110 +.3 5. 353340 -—2 
M3:L3 . 4013758 . 4259 3. 146497 | +413 +.6 3. 147797 —2 
M3:L4 - 4013045 . 4259 3. 145207 +395 +.5 3. 146452 0 
M2:81 . 6258941 . 3141 9. 98532 —225 +8. 1 eee 
M2:82 . 6261844 . 3139 9. 99959 —241 +8. 0 ae 
| PS . 5022778 . 3825 5. 414473 +404 +1.0 5. 416654 —1 
M3:S82 . 5025110 | . 8823 5. 420902 +393 +1.9 5. 423043 +2 








, 
(xAo)?, 3 , . 
° The term ~ >, in equation 7 was computed and found to be less than 0.3X10-* for each combination 
of these coils. 

> The 1911 values were corrected, by equation 53, for the observed change in the ratio of the radii. 


The results of all the final runs taken with the four sets of coils are 
given in table 14 for the difference of the forces and in table 15 for the 
sum of the forces. There are given in those tables the corrections 
that were computed from the data, and, for each set of observations, 
the result that was obtained. The sum of the forces is used to com- 
pute the absolute value of the current while the difference of the 
forces is used merely as a check on the other work as a basis for 
making small corrections and as a guide in weighing results. 

In table 14 is given a summary of the results on the differences of 
the forces. It is self-explanatory except for the last column in which 
is listed the indicated error that would be introduced into the absolute 
value of the current if the computed difference in forces minus the 
observed difference was all caused by an error in the computed value 
of one of the forces. As the value for each coil combination has been 
computed at least twice by different computers, the indicated error 
is not the result of a numerical mistake. As it is appreciably larger 
for the coil combination S1 S2 M2 than for any of the others, the 
absolute value of the current obtained with that coil combination is 
probably less reliable than the values obtained with the other com- 
binations. For this reason the indicated error has been used as a guide 
in weighting the results on the absolute value of the current as 
obtained with different coil combinations. 


55948—34——5 
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TABLE 14.—The difference of the forces 








































oe | Cc tore | ee | | Average jdevi ation| puted —_ 
Date Coils ae | Current | F fer. | sabe observed | between | minus final 

sae difter- | Bev ne | difference] observed observed | value of 

jot vee mi Tcals cece values | values | current 

widtuhust leayiy he Bhs Yo detail ee eee 

| Milli- | | Milli | asiui- | Miui- | Parts per 

| | | Amperes| grams | | grams | grams grams million 

1932 | L3 L4 M3 0.4} 1.018| 1.80 | 5| 1.67] 0.02] +0.13 7 

1932 OGrss thn -4] 0.678 | 0. 80 2 | 0. 82 | - 00 —.02 2 

1930 S1 S2 M3 .5| .679| 2.30] 6 | 2. 26 | 03 +. 04 4 
1931 L3 L4 M2 | 5 1.018 | 2.50} 3 | 2. 43 . 04 +. 07 

1927 ’ do =. 0. 768 1. 42 | 3 | 1. 36 | 01 +. 06 | 6 

1931 5 _..do 5 . 678 1. 11 4 | 1.10 | -O1 | +. 01 | 1 

1931 ; do 5 . 509 0. 63 | 1 | 0. 64 | oe -| —.O1 | 2 

1932___. $1 82 M2 626 1. 018 8, 42 | 3 | 8. 92 | 01) —.8] 25 

1932_ . . do ‘ . 626 0.678 | 3.74 3 3. 92 02 | —.18 | 18 

In table 15 are given the essential data for all final runs for deter- 

mining the value of the current in absolute amperes from the sum of 

the forces, and the relation between that value and the value of the 

current in international amperes. In the first three numbered col- 

umns are given the coil combination and the temperatures of the 

moving coil and of the fixed coils. In the case of the fixed coils the 


average temperature of the two coils is given, there being seldom any 
significant difference between them. The temperatures of the coils 
were always determined immediately after the measurement of the 
sum of the forces by measuring the resistance of the windings with 
the same current in them as was used in measuring the force. The 
temperature of the moving coil depended somewhat upon the type 
and position of the water jacket, but the results were independent 
of the water jacket so that no detailed discussion has been given. 

In the fourth column is given the observed doubled force in grams, 
which resulted from the reversal of the current. The difference in 
the rest points when the current was reversed (at the same time that 
the weight was added or removed) was multiplied by the sensitivity 
of the balance to obtain the amount that should be added to, or 
subtracted from, the value of the actual weight in order that the elec- 
tromagnetic and gravitational forces should be equal. (See fig. 15, 
p. 713.) The gravitational force on the weight was corrected for the 
buoyancy of the air. 

In the fifth column is given the correction to the observed doubled 
force for the temperature of the coils. A standard temperature of 
22 C was chosen to conform with the work in 1911. 

In the sixth column of the table is given the sum of the corrections 
for the loads on the coils and for the leads to the coils. For a given 
set of coils carrying a given current, the load correction was a constant 
and the lead correction had a definite value so long as the position of 
the leads was not changed. The latter was determined experi- 
mentally whenever a set of coils was installed in the balance. 

In the seventh column is given the corrected doubled force cor- 
responding to.22 C and no load which is obtained by adding, for each 
row, the values in columns 5 and 6 to the observed doubled force. 
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The eighth column contains the absolute value of the current as 
computed from the doubled force (column 7) and the dimensions of the 
at coils. ‘To compute the current, the force of gravity on the weights is 
ens equated to the electromagnetic force between the coils, giving the 








formula 
3 2M g=2 NyNe (I,/10)? (i = 2) (58) 
i where | : 
2 M=observed doubled force in grams corrected to 22 C and 
: no load 
: g=acceleration of gravity in cm/sec? 
2 M g=observed doubled force in dynes corrected to 22 C and 
; no load 
i n,=number of turns of wire on each of the fixed coils 
NM, =number of turns of wire on the moving coil 
“ ],=current in absolute amperes (1 absolute ampere = }{o cgs 
electromagnetic unit of current) 
#1 =computed constant for the moving coil and one of the 
3 fixed coils at 22 C including corrections for the cross 
mo sections of the coils 
e %2=computed constant for the moving coil and the other 
P fixed coil 
€ 
e Solving for the current 
y cw 
s ioe St (59) 
Q V2 MN2 (hi + Se) 
h 
e In the ninth column is given the value of the same current in B.S. 
e international amperes. This was obtained by dividing the numerical 
t value of the potential difference which the current produced at the 
terminals of a standard resistor by the numerical value of the re- 
, sistance, both electrical quantities being measured in terms of the 
n — units as maintained “ by the Bureau of Standards. 
t &§ In the tenth column are listed the differences between the value of 
y the current in B.S. international amperes and in absolute amperes, 
r » divided by the value of the current in absolute amperes. These 
- relative differences are related to the ratio of the two units as experi- 
, mentally determined for each current and hence should all have the 
e §— same value regardless of the particular value of the current used and 
of the external conditions of measurement. These numbers have 
d | been averaged by groups to obtain the final result of this investigation. 
f | In the eleventh and last column is given the difference between each 
number in the tenth column and the mean value of the particular 
s group to which it belongs. The numbers of this column indicate the 
n uniformity of the experimental values with a given set of coils. 
t The values given in this paper are based on the units of resistance and electromotive force as maintained 
yf at the time the individual measurements were made. On September 19, 1933, after the observational work 
‘ was completed and after most of the data had been reduced, the unit of electromotive force of the Bureau of 
l- Standards was increased by five microvolts, thus decreasing the values assigned to individual cells by this 


amount. This change is smaller than the experimental error of this investigation so that the values have 
not been revised to take account of this change. 
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TaBLE 15.—Data and resulls on the absolute determination of the ampere 


Date 


Apr. 1 


1930 
Aug. 25 
26 

28 

Sept. 


wm OO 


1931 
Feb. 17 


Mar. 17 


Apr. 3 
8 


Mar. 23 
30 


Apr. 2 





[All final runs have been included] 





Coil combina- 
tion! 


Average of 17 | 
runs 


S2 M3 
“do 
-do 
do 

..do 
do 
..do 
do 
do 
..do 
do-- 
a 
do_. 
..do 


Average of 14 | 





age of ing 





24. 63] 24. 7| 


56| 24. 73 


l« ‘ 
. 75} 24. 81] 








Tempera- | 
| ture of coils | 


25. 41| 25. 86) 3. 9137 
25. 43| 25. 86! 37 
25. 45] 26. 04) 

25. 67| 25. 58! 





3 4 iat. 5 6 
| Correction 
for 
A a 
enh to | 
idou led | r 
| lem- | Load 
"| Mov- ‘ force | Ber .- | and 
ees ture | leads 
Milli- | Milli- 
°C | Grams | gram | gram 
21. 90) 5. 99868 +42) —0. 23 
22. 04 810 aa —. 23 
22. 00 931 37 —. 23 
22. 03) 903 - 38} —.% 
22. 01) 896 .37| —.23 
22.03; 906 37| —. 23 
22. 00} 977 36} —. 23 
21.98) 955} .38| —.23 
21, 98) $85, .38| —. 2% 
| 23. 80} 978} .40) —.2: 
| 23. 76 946.39) — 
| 26. 42) 946! 4, — 
26. 42} 946 46) —. 2 
22. 00! 961 39} —.2 
| 22. 00} 895 39] —. 2 
| 21.93 S899) 38| —. 2 
35| 21. 95) 856 39; —.2 
' | 
| j 
be ER TR Le. VPS! 


6| —.05} 0 
3, —.04] 0 


310} —.07) O | 

364) +.04) +.01! 

25. 58} 367; —.01] — . 01} 
| 25. 60 369) —.01 .01| 
| 369) O |  .O1) 

.61| 24. 76} S70. @ 3,250) 
369] —. 01) 01) 

| 24.70 371; —.01) =. 01) 

55| 24. 71 370) —.01 01] 

24. 56) 24. 70 ah 0") - OH 
24. 82 366) +.01, +. 04| 


368); +.01 . 04 




















7 i ae, 
Values of the 
Doubled current 
a ae 
correct- | 
ed to | 
22 C and) I 
no load | Ia _ 
} | 
| Poe 
rere 
Abso- | B.S. 





| lute am-| int.am- 

Grams | peres | peres 
5. 99886)0. 767638)0. 767701 
$24 é 598 662 
945) 675] 743 

ee 658! 7% 
910 653) 727 
920) 660) 727 
990) 704) 776 
970} 691) 751 
6.00000} 711) 786 
5. 99995) 707 786) 
962! 686 761) 
963| 687) 762| 
969] 691| 761| 
977) 696 761) 
911; 654 724! 
914) 656) 724) 
69° 3| 


72) 629) 


3. 91371\0. 678650)0. 678687) 


369) 648) 687 
303) 591) 629) 
369) 648) 624) 
367 646} 686 
369! 648 685) 
370 649) 636 
373) 652) 686 
369! 648 684 
371 650) 684 
370 649 Os4 
371 650} 684 
371) 650) Us4 
373} 652) 684! 
| 




















PERS. . ccc foeeesofacsunx |--------|------- 
L3 L4 M2..... 23. 55 4.68254) +.27) —.08) 4. 68273} 6782210. 678294) 
So) 23. 68) 26 i| 23; . 08} 276) 224) 293 | 
Lh egees RP 23. 48| 262! 26 08| 280) 227| 294 
....do : 23. 60 262! 26} 08 280) 227 204 
leh Es 25. 51 256, .29) . 08) 277 224| 294) 
do 25. 44 256] .32) .08 280 227| 293 
do 22. 45 266) 265 Os) 284 230) 293} 
do 24, 23 260| 30}. 08| 282 228 294) 
Average of 8 | 
runs | TERS aoe . ere ne oe 
L3 14 M2... 22. 01| 2. 63906 +. 10) —.02| 2, 6391410. 509159/0, 500205 
er Seat e 21. 85 909} +.09) —.02 916) 161 205 
Average of 2 | 
0) oe es a en St nn Pre er | 
L3 L4 M2__.--- 23. 92/10. 55022) +1. 381 —. 53/10. 65107)1. 18052. "018155 
cael 25. 92 25, 1.42) . 53] 57| 152 
eee: do vee. 25. 93 20} =«+1.41 - 53} 108| 53} 154 
Average of 3 | 
SEE, .iccadiands ine condieowead Sena Mae ee Mpa EE ESS: 











1 In each case the first coil listed is the upper fixed coil. 











6  {- 
nee Te 
| 
| 
Devia- 
ns—Ia| tion 
- from 
| mnean 
of set 
Parts | Parts 
per mil-| per mil 
lion lion 
82) —g 
83} ee 
8Y —| 
87 —3 
96 +6 
87 —3 
4 —4 
78 —12 
98 +8 
103 +13 
98! +8 
98} +8 
91 +1 
85 a 
91 +1 
SS —2 
83 —7 
+6 
55| 2 
58 5 
56 ts 
53 0 
59 +6 
55, 49 
5U -3 
53 0 
50} —3 
&2 —| 
50 —3 
50 —- 
47 6 
53 +3 
107 +7 
102 {+-2 
gy —1 
99 —1 
103 +3 
97 —3 
93) 7 
07 —3 
100} +3 
90) 
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Curtis 
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lL. All final runs have beer n 1 included} — 
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TaBLeE 15.—Data and results on the absolute determination of the ampere—Contd. 











1 | 2 tees (eee - | 6 7 s 9 10 1 
| 
Laenpe eae 1 } Conetie Values of the 
ture of colls | or Doubled current 
Date oe a Ob- i ae a force aad | | Devia- 
| Coil combina- | | served | correct- {eta} SS ion 
tion! |Fixed; doubled} Te I i ed to fe from 
| | aver- |Mov-| force om | 4080 1090 and pe peg 
| age of| in pera- | and om) | 24 Ts of set 
| age o g | ture | leads | 20 loa 1 | 
| two | j 56 ja | 
Ss | 
| | | ; 
‘ Abso- | B.S Parts | Paris 
Milli-| Milli- lute am-| Int.am-| per mil-| per mil- 
1932 | Grams | gram | gram | Grams | peres peres lion | tion 
Jan. 7 | 23. 90}11. 91728) -+-.61) —. 27) 11. 91761)1. 01765911. 017664) 5} t 
11 78} 724 . 58) —. 27] 75: 5} 656| 665) Y} 0 
12 | 23. 84 59) : 751) 655) 664) 9} 0 
18 . 64) 56 752) 655) 665) 10) +1 
19 | 21) 752] 655, «665 10 1 
23 . 25 761 659 666) 7 —2 
25 . 34 769 658 669) 1i +2 
25 24. 35] 763 660 669) 9 0 
26 NER aat 25, 43] 23. 65| 758} 657, «669 12! +3 
28 | .do _.| 24.65] 24. 32) 763} 660} 670) 10 +1 
© 1... 25. 60) 24. 74| 757, 657, «668 1] 2 
| i ‘See e wee 15 ——— —a “, 
Average of 11 | | | 
runs. _- Bie Nip Ra: | |. i) +2 
30 | S281 M2-- 7 l 
Feb. 9 io 387 “338! 241 4} —2 
y dao 357 Ss 241) 4 —2 
15 do 350 234) 241 1] 5 
20 do 354 236) 241 7 +] 
22 do 354} 241 7 +1 
27 do | § 241 9 +3 
29 do | 2 240 7 1 
Mar. 7 do em 24) Pa 2 
N do ..| 2 239 0| —b6 
| 
A verage of 10] | | 
runs cane hoe oe ‘ae | 6 +3 
12 | S2S1 M2 | 22. 82} 22, 50} 2.95985} -+.04) —. 01} 2.95988}0. 507160). 507165 10 
\4 do | 21. 52) 21. 28) 985, +.05) —.01) 989; 161! 165 9} 
l do | 21. 55) 21.61 Y90 0 | —.Ol 989) 161 165) g 
Average of 3 } | 
runs oer | | eee 9 
Apr. 5| L3 L4 M3 24. 85 24. 25) 3.74713) -+-.13) —.10) 3. 7471610. 678318)0. 678369) 75 —7 
i) do 24. 55} 24. 48 718} +.05) —. 10} 713 315 370} 81 —1 
ll do 24. 32) 24. 14 715; +.06) —.10 7il 313 369) 83 tl 
12 do 24. 29} 24. 17 654, +.05) —.10 649 258) 314 83 +1 
18 00... ...ced Bh Si ae 719} +.03) —.10| 712! 314) 370} 83 +1 
19 do...- 23, 20] 23. 19 717, +.02) —. 10} 709) 311} + = 370) 87| +5 
19 do-- ---| 23. 20} 23. 21 720) +.02) —. 10) 712) 314) 370} 83 +: 
23 se 23. 26) 23. 30 7244 +.01) —.10 715 317 370} 78 —4 
23 Go... ...2...} SR Se) 3331 690} +.01] —.10 681| 286) 342! 83 +1 
25 eae 23. 22) 23. 67 697; —.04) —. 10) 683} 288) 343] 81) —1 
26 Seecuncete 23, 22} 23. 77 698} —.05| —. 10) 683} 288) 342) 80 —2 
Average of | | 
ll runs... jen oe we eee * : ‘ é ’ 82 +2 
May 2); L3 L4 M3 8. 43070} +. 20) —.48) 8. 43042/1. 017435 87 +3 
10 do_.-- 3064) .32) —. 48) 3U48} 435 5 26 87 +3 
12 do ss 3056) .42) —. 48) 308 440) 526) 85 +1 
16 do 3 3061) .42) —. 48) 3055) 444 \ $3} sgn. 
17 do-.- m 3060) .41) —.48 3053! 442 85) +1 
26 do oa 2994) 34 -—.@ 2978) 398 85) +1 
27 re 2098) 9.32) —. 48) 2982 400) 83) = 
June 4 eae 2992) .45] —.48} 2989 408 83) —1 
6 ae OOo 5.5020 2995) 44 —. 48) 2991) 405 83) aa 
ge One ae 2996) . 43) —. 48) 2991) 405 81) = 
Re “Serie 3003). 35] —. 48) 2990 404 83] -1 
9 | SE. 2995) . 39} —. 48) 2986) 402 $5) +1 
10 , eRe, 2909, .37] —.48 ©2088) 403 84 0 
rT Cae Mepnests 3074.37) — 48| 3063 448 86) 2 
} 
Average of 
Seika on Bi cackonngucdhesceeecienceweadesnauen<s inteanes S --| 84) +2 























'Tn each case the first coil listed is the upper fixed coil. 
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TaBLeE 15.—Data and results on the absolute determination of the ampere—Contd, 


[All final runs have been included] 


Values of the | 
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atte A Doubled | ~urre : 
Date | me sr Ob- Be __| force | — Devia- 
Coil combina- | pixeq.| | served | correct- ~ |Ips—Ta | — 
| tion! awar- | |doubled) Tem- | Load | ed to | Dae bees 
“ave of MOV-| force | pera- | and |22Cand| Ja Ips | yr 
4ge Ol ing | ture | leads | no load | | Of Set 
| two | | | 
— ES — - _ —~——- | —— ;-——— _ _ a | ee 
| | | | | Abso- | B.S. | Parts | Parts 
| Milli-| Milli- | tute am-| Int.am-| per mil-| per mil- 
1932 | °C | °C | Grams | gram | gram | Grams | peres | peres | lion lion 
June 23 | L3 L4 M3... 24. 20} 24. 26) 2.08778) +. 01) .02) 2. 08777; (0. 506318)0. 506357} 77 0 
2 ~ Ma 4 . 17} 24.2 778} +.01) —.02) 777} 318 357| 77 0 
24 | do 7| 2 781; +.01) —.02) 780) 322) 361 77| 0 
24 _.do_- 789} +.01) —.02| 788) 330 372 83) +5 
29 960... 776; +.02) —.02 776) 317) 356 77 0 
29 a Sere 778| +.02; —.02) 778) 319) 356 73 —4 
Average of | | | 
Se ban aeee Smear — ee ee ee 77 4-2 
Oct. 25 | S2S1 M2_. 27. 20) 26. 04 Th 92045 +.45' —. 32) 11. 92058) 1. 01778611. “O17: 19 +4 
26 |..---do 27. 20| 25. 95) 1762) +.55) —.32 1785) 770} 683 13 —? 
Nov. 1 |-----do 25.59} 24.51; 1759) +.53] —.32 1780) 665) 683 18 43 
l ..do 25. 60} 24. 52) 1761; +.53} —.32 1782 667 683 16 +) 
8 -. = 25. 52} 24. 35 1751) +.60| —.32 1779) 664 683 19 +4 
14 ..do 25. 50} 24. 42 1786, +.54) —.32 1808 679 687 8 -7 
Average of 
6 runs_- 15 +4 


1 In each case the ficst coil listed is the upper fixed coil. 


A summary of the results of the measurements with the four sets 
of coils is given in table 16. The first three columns are self-explana- 
tory. In column 4 are given the averages, for each ip ary of 
coils, of the mean results, as recorded in column 10 of table 15, for 
that combination. Each number in column 4 is subtracted ne wall 
to obtain the numbers which are given in column 5, each number 
expressing, for any current, the atio of its value in absolute amperes 
to its value in B.S. international amperes. The mean of these values, 
each weighted as indicated in column 6, is the final result of this 
investigation. The numbers in column 6 for weighting the values 
in column 5 are approximately proportional to the reciprocals of the 
average indicated error for each coil combination as given in table 14, 
Since “only for one coil combination was the indicated error appre- 
ciably different from the others, only this combination was given a 
low weight. The difference between the final result and the value 
for each set of coils is given in column 7. 




















TABLE 16.—The average results with each combination of coils 
Pope —— : : . “<— — ai 
1 ae es 7 "ha 5 5 6 7 
cS ee es tee, See ey ee | idee 
Ratio of values of | 
* Number of oo a current in Abso- | | Deviation 
ae | Moving | independ- 488~4A4 | lute Amperes to the Taig from 
Fized coils | coil ent obser- Ia value in B.S.Int. Weight weighted 
vations Amperes mean 
| | 
ee ee Os a aaieiae gt SL ee ee 
| | | 
L3 L4.. a: _— 31 81X10-* 0.{ 999919 5 —9xX10% 
L3 L4....... | M2. 30| 94 999906 | 5 | —22 
81 82.._.. M3. 14] 53 999947 | 5 | +19 
a } 








Weighted means_. 


Probable error aM SANE | oo--0----- | 


weighted mean 
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The result of this investigation may be expressed by stating that 
a current which has a value of 1 B.S. international ampere has a 
value of 0.999928 absolute ampere. This may be expressed by the 
equality 
1 B.S. International Ampere = 0.999928 Absolute Ampere 


} The authors estimate that this result differs from the true value by 
; less than 20 parts in a million. 

t The result obtained by Rosa, Dorsey, and Miller in 1911 may be 
x expressed * as 


; 1 B.S. international ampere = 0.999926 absolute ampere 


The close agreement between the results (two parts in a million) is 
0 fortuitous, since the difference between the results is less than the prob- 
5 able error of either. The recent measurements * with the silver volta- 
: meter also indicate that there has been no important change in the 
— unit of current at the Bureau of Standards since 1911. 


L2 A recent estimate “ of the value of the B.S. international ohm in 
4 absolute measure is 

. 1 B.S. international ohm = 1.000460 absolute ohms 

tH From this estimate and the results on the determination of the ampere 


here reported, the value of any electrical quantity can be estimated in 
absolute units from its value as measured in international units. 


" For example: 
1 B.S. international volt = 1.000388 absolute volts 

. 1 B.S. international watt = 1.000316 absolute watts 
r VIII. DISCUSSION OF RESULTS 
wv The results on the ratio of the radii were self-checking, as shown in 
y table 10, where the possible errors in the measurements on the coils 
T are indicated. The largest indicated error in the ratio of the radii 
Ss — affects the absolute value of the current as measured with any coil 
s; — combination by only a few parts in a million. The observed difference 
Is in the results obtained with different coil combinations is much larger 
'S than can be accounted for in that way. 
1e The uniformity of the results in the absolute value of the current 

obtained on different days with a given coil combination, as shown in 
Q column 10 of table 15, indicates that the weighings and reduction to 
a standard conditions caused an error of only six parts in a million in 
e the most unfavorable case. In the cases where the coils were twice 


assembled in the balance, the results from the two assemblies differed 
by 5 and 7 parts in a million, respectively. This shows that errors in 
3 the adjustments of the coils did not cause all of the observed differences. 
The observed difference between the mean of all the results and the 
“i result with any one coil combination might be explained by assuming 
i that there is an error in the cross-sectional dimensions of one of the 
coils. However, no reasonable assumption concerning the errors in 
the cross sections of the coils will bring the results with the different 








4 In that work the result was stated in terms of the electromotive force of the Weston normal cell at 
20 C. The value obtained was 1.018225 semiabsolute volts, a semiabsolute volt being the potential drop 
produced by 1 absolute ampere in a resistance of 1 B.S. international ohm. The Weston normal cell at 
20 C. has, by international agreement, a value of 1.018300 international volts. Since, for two systems of 
units which have the same unit of resistance, the units of current and the units of electromotive force are 
directly proportional, the value obtained in 1911 for the ratio of the international to the absolute ampere 
is 1.018225/1.018300 = 0.999926. 

 G. W. Vinal, International comparison of electrical units, B.S. Jour. Research, vol. 8, p. 729, 1932. 

See p. 92 of paper referred to in footnote 10. 
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coil combinations into substantially better agreement. Another 
possible explanation of the variation in the results when different coil 
combinations were used is that the coil windings did not strictly con- 
form to the conditions assumed in deriving the theoretical formula, 
This can be tested by using a different type of coil. At present there 
is no satisfactory explanation of the rather large discrepancy in 
results with different coil combinations. It may be noted, however, 
that observations with the coil combination S1 S2 M3 were made 
under less favorable conditions than the others. The work was done 
in the late summer when the humidity was high and the electrical 
measurements were difficult. The result with the coil combination 
S1 S2 M2 differs from the mean by a much larger amount than any 
other coil combination. That combination was not used in 1911, 
probably because the computation of the force by the formulas then 
available would have been very laborious. As the computation can 
be readily made by the formula now in use, there seemed to be no 
reason why that combination should not be used in this investigation, 
The reason why the result with that combination is so different from 
the others has not been found, and nothing has been discovered that 
would justify the discarding of the value. The low weighting of the 
result for that combination is justified because the weighting factors 
were deduced from an entirely independent set of measurements. 

The authors are of the opinion that, to obtain a more accurate 
result for the absolute value of the ampere, the present current balance 
should be improved and some entirely different method “ should be 
perfected in which the systematic errors would probably be quite 
different from those in the current-balance method. The most obvious 
improvement of the current balance is the construction of new coils, 
the cross sections of which can be more accurately measured and the 
windings of which conform more nearly to the conditions assumed 
in deriving the equation for the force. 

The authors wish to express their indebtedness to many members 
of the staff of this Bureau for the helpful cooperation without which 
this work would have been much more difficult. The resistance section 
and the electrochemical section made many tests of resistance coils 
and standard cells. N. P. Case gave assistance in the design and 
setting-up of much of the apparatus; G. B. Schubauer made the earlier 
measurements with the current balance, and V. H. Goerke made most 
of the measurements of the ratio of the radii of the coils. 
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Wasuineton, March 24, 1934. 


47 See footnote 11 p. 668. 





Note.—After the manuscript of the above paper was sent to press decision 
was reached to use the name National Bureau of Standards (abbreviated NBS) 
instead of Bureau of Standards, (abbreviated B.S.) as given in this paper. 
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CALORIMETRIC DETERMINATION OF THE HEATS OF 
COMBUSTION OF ETHANE, PROPANE, NORMAL 
BUTANE, AND NORMAL PENTANE 


By Frederick D. Rossini 


ABSTRACT 


The present investigation on the calorimetric determination of the heats of 
combustion of ethane, propane, normal butane, and normal pentane was under- 
taken because of the dearth of information concerning these thermochemical 
constants for which there is pressing need in industry and in the sciences. 

The data of the present investigation give for the heats evolved in the com- 
bustion in oxygen, at a temperature of 25 C and a constant pressure of 1 atmos- 
phere, of gaseous ethane, gaseous propane, gaseous normal butane, and gaseous 
normal pentane, respectively, to form gaseous carbon dioxide and liquid water, 
the following values, in international kilojoules per mole: Ethane, 1,559.57 + 0.44; 
propane, 2,219.57+0.51; normal butane, 2,877.88 + 0.63; normal pentane, 3,536.00 
+0.88. Converted to k-cal,;; by means of the factor 1.00040/4.1850, these values 
become, in k-cal,; per mole: Ethane, 372.81+0.11; propane, 530.57+0.12; 
normal butane, 687.94+0.15; normal pentane, 845.27+0.21. 

The hitherto ‘“‘best”’ values for the heats of combustion of these gases differ 
from the values obtained in the present investigation by the following amounts 
Ethane, —1.23 percent; propane, —0.87 percent; normal butane, no existing 
data; normal pentane, —0.86 percent. These differences are from 30 to 50 
times the estimated uncertainties in the values from the present investigation. 
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I. INTRODUCTION 












Accurate values for the heats of combustion of ethane, propane, 
normal butane, and normal pentane are needed for the following 
reasons: First, ethane, propane, and butane are becoming increasingly 
important as fuel gases in industry and in the home; second, for these 
substances, values of the free energies of formation, which are needed 
for computing chemical equilibria in which these gases take part, can 
be determined accurately only from the relation involving entropies 
and heats of formation, which latter values are calculated from the 
heats of combustion; and third, accurate values for the heats of com- 
bustion of the normal paraffin hydrocarbon gases will give data from 
which may be drawn information concerning the energies of the 
atomic linkages in these molecules. 

The existing data on the heats of combustion of ethane, propane, 
butane, and pentane are very meager and, according to present 
standards, exceedingly uncertain. For ethane and propane there 
are the discordant values of Thomsen (1)! and Berthelot and Matignon 
(2), who used the calorimetric equipment available half a century 
ago and who had not pure gases to work with. For normal butane, 
there are no data on the heat of combustion recorded in the litera- 
ture. For normal pentane there exists the value obtained by Roth 
and Machlett (3), who published no report of their experiments but 
gave simply the numerical results. 

Because of the dearth of information concerning the heats of com- 
bustion of these gases and because of the pressing need in industry | 








































and in the sciences for accurate values concerning them, the present 
investigation on the calorimetric determination of the heats of com- 
bustion of ethane, propane, normal butane, and normal pentane was 
undertaken. 


II. UNITS, ATOMIC WEIGHTS, ETC. 


The fundamental unit of energy employed in the present calori- 
metric experiments is the international joule based upon standards of 
emf and resistance maintained at this Bureau (4). Recent: experi- 
mental work in this Bureau (13) on the relation between the interna- 
tional and the absolute units of current and resistance indicates the 
relation between the absolute joule and the international joule, 
derived from standards maintained at this Bureau, to be 1 interna- 
tional (Bureau of Standards) joule =1.00032 absolute joules. But 
for the sake of consistency the relation which has heretofore been used 
for converting the data obtained in the thermochemical laboratory 
of the Bureau of Standards will be used in the present and succeeding 
papers, until such time as the relation between the absolute and the 
international joule will be fixed by international accord. At that 
time, all the data that will have been obtained in this thermochemical 
laboratory will be converted to the new basis. 

The conversion factors used throughout this paper are: 

1 international joule = 1.00040 absolute joules 
1 g-cal); =4.1850 absolute joules 














1 The numbers in parentheses, here and throughout the text, refer to the references, p. 750. 
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The atomic weights of oxygen, hydrogen, and carbon are taken 
from the 1934 report of the International Committee on Atomic 
Weights (5): Oxygen, 16.0000; hydrogen, 1.0078; carbon, 12.00. As 
explained i in section IV, part. 4, of this paper, the thermal data ob- 
tained in the present inv estigation are independent of the atomic 
weight of carbon, the number of moles of hydrocarbon involved in 
the “calorimetric experiments having been determined from the mass 
of water formed. 


III. METHOD AND APPARATUS 


The general calorimetric method employed in the present investiga- 
tion is the same as that previously used in this laboratory in the 
determination of the heats of formation of water and hydrogen chloride 
and the heats of combustion of methane, carbon monoxide, methanol, 
and ethanol (6); and is, briefly, a substitution method in which the 
heat evolved by a measured amount of the chemical reaction is 
found to be equivalent to the heat evolved by a measured amount of 
electrical energy, the calorimeter serving as the comparator. Unless 

otherwise stated the procedure and the nomenclature follow the 
previous investigations (6). 

For the combustion of ethane, it was found that the reaction vessel 
used for the combustion of methane served very well, provided that 
the proper conditions prevailed with respect to the rates of flow of the 
ethane and the oxygen. This reaction vessel has already been 
described (6). 

For the combustion of propane, normal butane, and normal pentane 
a new reaction vessel was designed, in which provision was made for 
ane. oxygen into the stream of hydrocarbon gas before it 

ached the burner tip.2. A cross section of this new reaction vessel ° 
is shown in figure 1. A is the tube through which the oxygen enters 
the reaction chamber; B is the tube through which the hydrocarbon 
gas passes to the burner tip F' where, having been ignited by sparks 
across the gap between the ends of the ‘platinum wires D, it burns with 
a flame; at E is the injector by means of which oxygen is drawn into 
the stream of hydrocarbon gas; at G is collected as a liquid most of 
the water formed in the combustion; and the exit gases leave the 

reaction vessel through the tube C. 

The dimensions of the new reaction vessel necessitated the building 
of a new heating coil to fit it. A thin copper cylinder, 5 em long and 
7.5 em in diameter, was coated on the outside with a layer of pizein 
cement; around this cylinder was wound, noninductively, about 65 
ohms of enameled constantan wire (no. 30, B. & S. gage); enameled 
copper leads were soldered to the ends of the constantan wire and 
insulated with pizein on the cylinder; and the outside of the cylinder 
was covered with another coating of pizein. 





? The author is indebted to Francis A. Smith for valuable advice in the design of the burner. 
Rs ya reaction vessel was built by E. O. Sperling, and the author is indebted to him for improvements in 
the design 
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Figure 1.—Crosssection of the reaction vessel used in the combustion of propane, 
butane, and pentane. 


The description is given in the text. The drawing is made to scale, and the over-all length is 26 cm. 
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IV. CHEMICAL PROCEDURE 
1. PREPARATION AND PURITY OF THE HYDROCARBONS 


In the present experiments the amount of reaction was determined 
from the mass of water formed. Because the heats of combustion of 
these hydrocarbons per mole of water formed are not greatly different, 
quite an appreciable amount of a homologous impurity may be con- 
tained in a given sample without necessitating any significant cor- 
rection to the observed heat effect. For example, if a sample of 
normal butane contains as impurity 0.2 mole percent of propane, 
the observed heat effect will be less than that for pure normal butane 
by 0.006 percent. Table 1 gives the amounts of various impurities 
necessary to cause an error of + 0.01 percent in the heat of combus- 
tion. 

TaBLE 1.—The effect of impurities on the heat of combustion 








| 
| Amount of im- 
purity neces- 


Error in 
| sary to cause 
Substance | Impurity an error of 0.01 | prone of 
percent in the a. 


heat of com- 
bustion 





Mole percent Percent 
0. 10 01 
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> sphaeaadeae asmseaaaaaea “Hi sa 
PROD P.~ or werirmpetryre—sc ae spsye~eore (Se a 21 +. 01 
Normal butane......--.-------- prec IT 38 01 
Normal pentane....-.--.---------- Se oo eRe et 7] Fol 





The samples of ethane, propane, and normal butane used in the 
present investigation were prepared to our order by the laboratory 
of the Linde Air Products Co., Buffalo, N.Y. These saturated hydro- 
carbons were obtained from natural gas by repeated fractional dis- 
tillation at low temperatures. The manner of purification was such 
that each gas was expected to contain less than 0.2 percent by volume 
of impurity, which impurity would be a homologous substance, as 
for example, an impurity of ethane or butane in the sample of pro- 
pane. Subsequent tests made in our laboratory indicated that the 
amount of impurity in the various samples was, in general, consider- 
ably less than 0.2 percent. About 2.4 moles of each gas was placed in 
highly evacuated steel cylinders, which were fitted with good valves 
and had internal volumes of about 2.8 liters. 

In our laboratory, the ethane, propane, and normal butane were 
examined for impurities by Martin Shepherd (7), who separated, 
by isothermal distillation at low pressures, a sample of each gas into 
three fractions, and measured the difference in the vapor pres- 
sures of the middle cut and the initial distillate and of the mid- 
dle cut and the final residue. The amounts of the initial distillate 
and the final residue were each less than 1/20 of the entire sample, 
and the difference in vapor pressures was measured by a differential 
manometer sensitive to + 0.02 mm of Hg. The data obtained by 
Shepherd are given in table 2, where Ap is the difference between the 
vapor pressures, measured at the temperature t, of the middle cut 
and the initial distillate or the final residue, and AXz, (see (7) for 
method of calculation and exact definition of terms) , represents approx- 
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TABLE 2.—Data on the purity of the ethane, propane, and normal butane, as shown 
by measurement of the difference in the vapor pressures between the middle cut and 
the initial distillate and the final residue, respectively 





Initial distillate ! Final residue ! 


t ; | AXs 


Substance Ap 





Mole fraction 
0.005 propane. 
0.00004 normal or isobutane. 


0.00035 normal pentane. 


mmHg | ye Fs 


°C 
0.01 |—150.0 | 


Mole fraction 
| 0.009 methane----- 
(0.00001 ethane.__-- .02 | —49.3 
0.003 propane. - ---| 99 | 0 | 
0.020 isobutane- - --| P Eee wig 
af | oe 


mm Hg) 
0. 29 |—189. 1 | 
.00 | —58.2 


7. 82 -0 | 


Ethane 
Propane 
Normal butane- - - 


The amounts of the initial distillate and the final residue were respec Fiche ions than 1/20 0 of the entire 
s br The value of AX 8 gives approximately the mole fraction of the given impurity in the initial dis- 
tillate or the final residue, not in the entire sample. The values of Ap were read to =+-0.02 mm Hg. 


imately the mole fraction of a possible impurity, B, present in the initial 
distillate or the final residue. The mole fraction of the impurity B in 
the entire sample would be about 1/20 of the value of AY, given in 
table 2, were it not for the fact that the isothermal distillation does 
not isolate all of the impurity in the initial distillate or the final resi- 
due. Assuming, as a probable case, that one half of the impurity is 
obtained in the initial distillate or the final residue, then the mole 
fraction of the impurity B in the entire sample would be about 1/10 
the value of AYXz. 

The normal pentane used in the present experiments was from the 
lot prepared synthetically by Mair (8), who gave a complete report 
of its preparation and properties. The following are some of the 
physical constants of the normal pentane: boiling point at 760 mm 
Hg, 36.06 degrees C; freezing point in air, — 129.73 degrees C; freezing 
range of the sample, 0.026° C: refractive index, Np”, 1.35470. 


TaBLe 3.—Vesults of the analytical experiments for determining the ratio of carbon 
to hydrogen in the ethane, propane, normal butane, and normal pentane 


ee - — —_ 





Number 
| of experi- 
ments 


Substance 





Ethane_-_-- 
Propane 
Normal butane 


Average 
amount of | 
hydrocar- 
bon used 
in each ex- | 

periment 

Mole | 
0. 049 | 
. 034 | 
. 025 | 


Ratio 


6C/2H 
8C/3H 
10C/4H 


Average 
value of 


1, 00016 


the ratio 


| 


0. 99992 | 


1. 00014 | 


Average 

deviation 

from the 
mean 


+ 0. C0018 | 
+ . 00019 | 


+. 00012 | 


Maximum 

deviation 

from the 
mean 


0. 00039 
. 00034 
. 00028 





Normal pentane__- ‘ 5 | . 019 12C/5H - 99994 | +. 00022 . 00041 


are given the results of experiments on the determination 
of the ratio of carbon to hydrogen in the ethane, propane, normal 
butane, and normal pentane. In these experiments the combustion 
was carried out in the calorimetric reaction vessel and the analytical 
procedure was the same as that used for methane (6). The amount 
of carbon dioxide collected in these experiments was corrected, when 
necessary, for the small amounts of carbon monoxide formed. (See 
p. 741.) 

From the foregoing data, it appears that the purity of the ethane, 
propane, normal “butane, and normal pentane used in the present in- 
vestigation was such that, per mole of water formed, the heats of 
combustion of these samples would differ from the heats of combustion 
of the absolutely pure hydrocarbons by less than 0.01 percent. 


In table 3 
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2. PURITY OF THE COMBUSTION REACTION 


The purity of the combustion reaction was examined as reported 
in previous papers. 

A new supply of oxygen, prepared commercially from liquid air, 

was obtained for the present experiments. This oxygen, like that 
previously used, was low in inert gases (0.6 mole percent) and was 
similarly purified. A flow of oxygen considerably in excess of the 
stoichiometric requirements for complete combustion was used in all 
the experiments. 

The combustion of ethane was carried out in the reaction vessel 
used for methane and other gases (6). It was necessary to use such 
arate of flow of the ethane as would give a flame with a blue mantle, 
a sign of practically complete combustion, and which was sufficiently 
removed from the burner tip to prevent decomposition (with conse- 
quent deposition of carbon on the quartz tip) of the ethane before it 
reached the flame proper. The desired ethane flame was about 1.5 
em long. In the combustion of the ethane under these conditions, 
it was found that, on the average, 0.008 percent of the carbon in the 
sample was burned to carbon monoxide instead of carbon dioxide. 
This necessitated a correction of + 0.003 percent to the observed 
heat effect in the calorimetric reaction experiments, and of + 0.008 
percent to the observed mass of carbon dioxide in the seelirthiial eX- 
periments on the ratio of carbon to hydrogen in the ethane. 

For the combustion of the propane and normal butane, the reaction 

vessel shown in figure 1 was used. The aspiration of oxygen into 
the stream of hydrocarbon gas before it reached the flame made 
— the combustion of these hydrocarbons without deposition 
of carbon on the burner tip. The amount of oxygen aspirated into 
ie stream of hydrocarbon gas was kept below that amount which 
would cause the ‘flame to flash back to the capillary jet, by governing 
the size of the injector holes and the rate of flow of the hydroe arbon 
gas. Inthe combustion experiments with propane and normal butane 
burned in this manner, with a blue flame about 1.5 em long, no carbon 
monoxide was detected in the exit gases. 

The combustion of the normal pentane, which was carried as a 
gas into the reaction vessel by means of a stream of nitrogen, was 
performed in the same reaction vessel that was used for propane 
and butane. The composition of the gaseous mixture of nitrogen 
and pentane was about 0.65 mole of normal pentane to 0.35 mole of 
nitrogen. The nitrogen was bubbled through the liquid normal pen- 
tane at a temperature of 24 C and then the mixture passed through 
ascarite, magnesium perchlorate, and phosphorus pentoxide before 
arriving at the calorimeter. The pentane flame was blue and about 
the same size as for the other gases. The amount of carbon 
monoxide‘ formed in the combustion of the normal pentane in this 
manner was found to be 0.00020 mole per mole of carbon dioxide, 
which necessitated a correction of + 0.008 percent to the observed 
heat effect in the calorimetric reaction experiments, and a correction of 
+ 0.020 percent to the observed mass of carbon dioxide in the ana- 
lytical experiments on the ratio of carbon to hydrogen. The amount 
of nitrogen oxides in the exit gases from the combustion of pentane 





‘The tests for carbon monoxide were made in the gas section by Carroll Creitz. 
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was found to be 0.00004 mole per mole of carbon dioxide,> which 
necessitated no significant correction. 






3. DETERMINATION OF THE AMOUNT OF REACTION 











The amount of reaction in each calorimetric combustion experi- 
ment was computed from the mass of water formed, which was deter- 
mined according to our usual procedure (6). In this connection it 
should be emphasized that for work of the highest precision the 
U-tube absorbers should be filled with hydrogen at the times of 
weighing, in order to make negligible any errors in corrections due 
to changes in the room temperature or the barometric pressure, and 
to make more certain the correction for the change in the volume of 
the solid absorbent. 

In the present experiments 1 mole (18.0156 g) of H,O was taken 
as equivalent to 1/3 mole of C.H¢, to 1/4 mole of C gH, to 1/5 mole of 
C,Hyo, or to 1/6 mole of CsHy. In this manner the values of the 
heats of combustion obtained in the present investigation are inde- 
pendent of the atomic weight of carbon. 

In an auxiliary experiment an amount of the gaseous mixture of 
normal pentane and nitrogen containing 0.17 g of pentane was passed 
through a carefully weighed U-tube containing dehydrite (magnesium 

erchlorate trihydrate) and phosphorus pentoxide, and the change 
in mass of the U-tube was found to be zero + 0.00005 g. This 
determination was necessary because, at the extinction of the pentane 
flame, there was always several mg of unburned pentane in the inlet 
tube, which pentane was later to be swept out through the U-tube. 
































V. CALORIMETRIC PROCEDURE 
1. ELECTRICAL ENERGY EXPERIMENTS 


The data of the experiments made to determine the electrical 
energy equivalent of the calorimeter system used for the combustion ff 
of ethane are given in table 4. (See (6) for nomenclature.) The 1 
‘“‘error”’ of the mean value of these experiments is 





+ 2/SA?/n(n — 1) = + 0.012 percent, 









where 2 A? is the sum of the squares of the percentage deviations 
and n is the number of experiments.® 

The data of the experiments made to determine the electrical 
energy equivalent of the calorimeter system used in the combustion 
of propane, normal butane, and normal pentane are given in table 5. 
The “‘error”’ of the mean value of these experiments is 












= + 0.008 percent 


5 The test for nitrogen oxides was made in the reagents and platinum metals section by F. W. Schwab. 
6 This formula gives an “‘error”’ that is three times as large as that obtained with the usual formula for 
the “‘probable error’”’ of the mean. 
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TaBLE 4.—Calorimetric results of the electrical energy experiments ' for ethane 














aie | | | | | | 
} | | Electri- 
sa cal 
am Electri. | Mass of | energy | Devi- 
Experiment no.| AR k K U Atcorr, | tem- cal —_—- be nooengel — 
era- | energy ? ieter | alent of | from 
cas . water calori- | mean 
meter 
systein * 
Int. Joules 
joules per 
Degrees | Degrees Int. per de- | degree 
Ohm | Min-\| Ohm Ohm Cc Cc joules g gree C Cc 



































1 Dek Sees Fs 0. 298843;0. 001969|0. 005401) 0.000254; 2.90636) 25.10) 44,944. 5) 3, 625. 40) 15, 441.8 1.5 
2 aad . 289622) . 001943} . 005885) . 000110) 2.81156} 25. 06) 43, 464.2) 3, 624. 30) 15, 441. 2 9 
aif . 289200} . 001937} . 005867} . 000046) 2.80819} 25.06) 43, 392.7) 3, 623. 14) 15, 439.2) —1.1 
4 Unaiesinentd . 294777| . 001948) . 005835 —. 000140) 2. 86566) 25.09) 44, 257.4] 3, 621. 44) 15, 438.3) —2.0 
§._-.-.----------| . 296576] . 001933} . 005938} .000012; 2.88097; 25.09) 44, 539.5) 3, 624.94) 15, 439.4) —.9 
BS. ood de . 299513} . 001946) . 005366)—. 000014) 2.91601) 25.10} 45,038. 2) 3,620.49) 15, 443. 2 2.9 
Ss . 297286} . 001942) .005430| . 000007) 2.89309) 25.09) 44,673.9) 3, 620. 69) 15, 438.8) —1.5 
Biiocduvedddokeuh . 297230} . 001935) . 005355} . 000048) 2.89287) 25.10) 44, 655.2) 3,617.93) 15, 445.1 4.8 
| Mey . 296837} . 001931) . 005367) . 000226) 2.88709} 25.10) 44, 563.2) 3,619.94) 15, 435.7; —4.6 
| 


WR. ccnwecclxekaeccdnnatculkessdece he easinte Se See ss ree eeeee fen ee Pee 15, 440.3) +2. 2 








1 These experiments were performed in January 1933. 
? The time of electrical energy input was 17 or 18 minutes, the current 0.78 to 0.83 ampere. 
’ Corrected to 3,620.00 g of water and an average temperature of 25.00 C. 


TaBLE 5.—Calorimetric resulis of the electrical energy experiments! for propane, 
butane, and peniane 





| | | | 
| | | Blectri- 
| | eal 


— | Electri- | Mass of | energy | Devi- 
« “ s : s 
Aa - , : 2 calori- | equiv- | ation 
Experiment no. | AR k K U Atcorr. neon me...I 2| meter | alent of | from 
ture bs water calori- | mean 


meter 
system 3 





TInt. Joules 
joules per 
per de- | degree 

C 


sen ner Sa A RN ey 


Degrees | Degrees Int. 
Ohm | Min" | Ohm Ohm Cc Cc joules gree C 


g 
99628) 25.01) 60, 887.8) 3,561.77) 15, 228. 

















ae 0. 410460/0. 001932\0. 007159] 0. 000156] 3. "1 =1.4 
9............| , 408615] . 001934) .007255} .000166| 3.97695| 25. 00| 60,962.0| 3,583.62] 15, 230.2) .1 
3................| .412305] . 001904] . 007074|—. 000034| 4.017301 25. 01| 61,097.8] 3,554.76] 15,230.6, .5 
* PRAIRGE o 2% " 411657| | 001940] |007156| | 000084] 4.00893} 25. 03| 60,991. 1} 3,555. 93] 15, 230.8 7 
RR tea: " 4113221 | 001930] .007245| |000075| 4.00479} 25. 01| 60, 950.2} 3, 557.44) 15,230.0| —.1 
6................| . 413270] | 001925] |007277| |000053| 4.02400] 25. 02| 61, 236.0) 3,557.87] 15, 226.6] —3.5 
7 oe ‘ 409501] | 001934] . 006995|—. 000046 3.99040! 25. 00] 60,814.1} 3,563.15) 15, 226.91 —3.2 
8._.......-...-.] . 410563] | 001934] | 006721/—. 000223] 4.00540} 25. 00] 60, 880.0) 3, 552. 02| 15, 232.8} 2.7 
— nieiemnare Recs - ‘ 409252) | 001926] | 006818} |000000| 3.93923} 25. 00] 60, 705.9} 3,556.92] 15, 230.3 2 
10...._.........| . 408933] | 001941] | 007053|—. 000093] 3.98466} 25. 00| 60, 673.4] 3, 559. 35| 15,229.4) —.7 
ll_.._.........-| . 410085] | 001941] | 006848|—. 000055| 3.99774] 25. 00| 60, 830.3] 3,555.97] 15,233.0} 29 
12..___.....-..-.| . 407731} | 001943] . 006930|—. 000190] 3.97493} 25. 00| 60, 454.7] 3, 554. 44| 15,2322) 2.1 

SE nthe Gen GS RR Ga Ue | 15,2301) 41.5 


























j 
| 
| | 
| { 





| 
' 


' Experiments 1 to 6 were performed in September 1933, and experiments 7 to 12 in January 1934. 
2 Phe time of electrical energy input was 16 or 17 minutes, the current 0.95 to 1.00 ampere. 
§ Corrected to 3,560.00 g of water and an average temperature of 25.00 C. 


2. CORRECTION EXPERIMENTS 


The ‘‘spark”’ energy was determined calorimetrically to be 1.43 
+ 0.06 joules per second for the experiments on ethane and 1.31 + 
0.06 joules per second for the experiments on propane, normal butane, 
and normal pentane. 
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The ‘“‘gas” energy and the ‘‘vaporization”’ energy were deter- 
mined as in the previous investigations (6). 

As before (6), calorimetric experiments were performed in which 
a number of ignitions and extinctions of the flame occurred, the 
purpose being to subordinate, relatively, the heat evolved in the 
combustion of the hydrocarbon to the “spark”’, ‘“‘gas”’, and ‘‘vapor- 
ization” energies. In each of these experiments thermal balance 


was obtained within the limits of error of the measurements. 


3. REACTION EXPERIMENTS 


The calorimetric data of the combustion experiments with ethane, 
propane, normal butane, and normal pentane are given in tables 
6, 7, 8, and 9, respectively. 
the combustion experiments on the various gases, computed as 
+ 2ZA*/n(n - 1), are, respectively: Ethane, + 0.023 percent; pro- 
pane, + 0.019 percent; normal butane, + 0.018 percent; and normal 
pentane, + 0.021 percent. 


The ‘‘errors’”’ 


of the mean values of 


TaBLE 6.—Calorimetric results of the reaction experiments for ethane 





Experiment no. 


K 


| 
| 





Min-) | 
0. 001898 | 
. 001942 | 
. 001923 
. 001933 | 
. 001980 | 
. 001957 


Ohm 

0. OO6838 
. 005332 
. 005790 
. 005946 
. 006425 
. 006635 





| 





. 005662 


} 


Ohm 
—0. 000069 


A toorr. 


2. 81135 
2. 86687 
2. 88005 
2. 90171 
2. 86800 
2. 87323 
2. 86652 





Degrees C 


| Average 
tem pera- 
| ture 


| S8RSRRS9 


rrp tpptw 


e 











| 





Experiment no. 


Electrical 
energy 
equivalent of 


system ! 


| 
| 
| 


“ Gas”’ 


calorimeter | °2°m&Y 


| 
| 


“Spark” 


fon” 
energy zation 


energy 








Int. joules 
per degree 


15, 442. 1 
15, 459. 3 
15, 451. 1 
15, 455. 0 
15, 456. 9 
15, 455. 0 
15, 430.7 





Joules 
375.8 
342.9 
303. 4 
298. 0 
331.7 
326. 8 


Joules 
17. 3 


“Vapori- | 


Mass of 
ethane 


0. 0280855 
. 0286407 
. 0287294 
. 0289423 
. 0286226 
- 0286718 


Heat? of | 


combus- 
tion at 
25 
degrees 
C 


Int. kilo- 
joules per 
mole 
1558. 74 
1559. 46 
1559. 35 
1559. 81 
1559. 84 
1559. 51 
1560. 26 


| Deviation 
from 
mean 


Kilojoule 
per mole 


| —0, 83 
| — i 
—.22 
24 
27 
—. 06 
9 




















1559, 57 


+ .35 








1 Includes the heat capacity of 4 the mass of liquid water formed in the reaction. 
? Includes a correction of +0.003 percent for the carbon monoxide formed. 
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- TABLE 7.—Cclorimetric results of the reaction experiments for propane 
H I | Average 
e : Experiment no. | AR | k | K | U A torr. tempera- 
ture 
e c y hl: he one 
bi | Ohm | Min-! Ohm Ohm | agrees e |Degrees C 
@ 2 | 0.403093 | 0.001956 | 0.011899 | —0.000179 | 3. 87955 | 24. 97 
aes | . 412941 | . 001940 01512 Fes 000008 3. 3 4350 | 25. 02 
3 } 411032 | . 001922 007486 | —. 600011 4. 00037 } 25. 01 
4 413092 | 001935 |  . 008225 —, 000008 4. 01343 | 25. 02 
5 . 4096785 001947 | 007578 —. 00008 1 3. 98670 | 25. O1 
6 | [406890 | 001936 | 1007383 | 000098 | 3.95925 | 24. 99 
; | 412252 | 001948 |. 010572 000027 | 3.98149 | 25. 01 
’ 8 | 409171 | 001945 | 008632 | . 000059 | 3. 96987 | 25. 00 
y |_—________}__ oo 
S Mean CE Lp aebeoing iecaRigaysmacts |------------|------------ | i. 
» | | | 
sf ——— —_—————————————————— | — 
| Torben Heat of | 
é ern PU se **Vapori- | | combus- Deviation 
i Experiment no. | equivalent of | aame a po zation” po he | =" | from 
salorimete 5 | ~ é . 
il c . en) r | | energy | degrees mean 
| | | 
——_—-—|— : e _| | a = 
| Int. joules | Int. kilo- 
| per degree | joules per | Kilojoules 
i i , | —_ Joules Joules Mole | mole per mole 
1. | 57.6 | 451.2 | 0.0267306 | 2220. 25 0. 68 
e 2. 8 | = 3 | 6x2 | 340.5 | 0271917 2219. 34 —.B 
a- 3 2 | 4.8 | 24.9 | 260. 5 . 0275458 2220. 69 1.12 
4 | 6.9 | 32.7 | 294. 6 . 0276635 | 2219. 40 —.17 
§.. 2.6 13.1 | 278.0 . 0274649 | 2219. 35 —. 22 
7 “S 6.3 | 23. 6 | 280. 5 . 0272818 2219. 22 —. 35 
Cc 7 2.9 | 35. 4 | 281. 2 - 0274421 | 2219. 08 —.49 
69 8. 6 | 19.7 | 257.8 . 0273537 | 2219. 20 —.37 
08 RA ERED Es: PL RS Ea ue SE: Se 
08 Mean..-- atlas AES KEKE RE | 2219. 57 +. 45 
09 | 
. vhnahadies the me capacity oft Ly ‘the mass of liquid water raed in the reaction. 
08 
4 Tasie 8.—Calorimetric results of the reaction experiments for normal butane 
2 | | | Average 
J Experiment no. AR } k | K U Al corr. | tempera- 
on a iy | ture 
; rs . $$ $$ | —____|__ shes =. 
' Oh m | Min-! | Ohm Ohm Degrees C | Degrees C 
: 1 pa | 0.409115; 0.001946 | 0. 006179 | —0. 000048 3. 99469 25. 00 
F 2 . 410905 | . 001939 | . 006254 | —. 000024 4. 01145 | 25. 00 
ee 3 . 409376 | 001940 | . 006779 | —. 000074 3. 99158 | 25. 00 
q 4 . 411469 | . 001925 | . 006667 —. 000053 4. 01323 | 25. 00 
le } 5 - 411537 | - 001923 | . 006314 | —. 000041 4.01729 | 25. 00 
é 6 - 409147 - 001927 | . 006896 | —. 000139 | 3. 98880 | 25. 00 
, ee 411499 001928 | . 006312 | —. 000170 4.01821 | 25. 00 
: es 410687 001935 | 006511 | ~—. 000142 4.00791 | 25. 00 
= : REE oe. St Saw ban SRS) Sete onan Sk) CRE SS ois. ESSER EOE tte (ree 2 
7 4 — os — — nn ee 
“0 | | Electrical | Heat of | 
69 4 | fe l . gene — a combus- | poe 
| energy | «Gas” | “Snark” | Vapori- | Mass of tHonat | | Deviation 
— Experiment no. | equivalent of | enerz sl to yy | zation” normal of | from 
35 calorimeter gy | 83 | energy | butane degr "| mean 
| grees | 
ae system ! | | C } 
| | 
| Int. joules S | Int. kilo- | 
| per degree | joules per | Kilojoules 
| Cc | Joules | —_ Joules | Mole mole | per mole 
na tence 15, 254. 0 | 6.9 9 221.7 0. 0212578 2876. 90 | —0. 98 
Ben. 15, 260. 4 | 4.0 | 4. 4 207.3 | .0213428 | 2877. 49 | —.39 
ae 15, 208. 5 | 7.4 | 23. 6 236. 3 . 0211713 | 2877. 80 —. 08 
a | 15, 224. 6 | 4.6 17.0 221.9 | .0213016 | 2878. 17 . 29 
5... 15, 250. 5 | 5.1 | 15.7 220.2 | .0213528 | 2879 06 1,18 
6... rt 15, 248. 2 1.9 | 15.7 238.8 | .0212144 | 2877. 63 | —. 25 
‘. n= =| 15, 218. 2 | 2. 4 | 17.0 221.5 | .0213140 | 2878. 72 . 84 
Beha idéascctdstehions | 15, 222.1 | 2.4 | 14.4 216. 6 . 0212752 2877. 2 —. 65 























1 Includes the heat capacity of 44 the mass of liquid water formed in the reaction. 
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TaBLE 9.—Calorimetric results of the reaction experiments for normal pentane 





ane 





: Average 
Experiment no. AR k K U | Alcorr. | tempera. 
ture 







































Ohm Min-! Ohm Ohm Degrees C | Degrees 
We 0. 410430 0. 001937 0. 005964 | —0. 000108 4. 01045 ” 25.00 
ee . 409659 . 001936 . 006180 —. 000134 | 4. 00072 25. 00 
3... . 407770 . OO19A2 . 007482 —. 000213 3. 97007 25. 00 
™ . 409557 . 001950 . 006136 —. 000106 | 4. 00007 25. 00 
5_- 411967 . 001949 .005585 | —.000127| 4.02963 | 25. 02 
ee . 409974 | - 001943 . COG8OR —. 000122 | 3. 99770 | 25. 00 
- . 413547 . 001925 . 006274 —. 000046 | 4. 03766 25. 01 
ST RO ORS. ae .410295 | =. 001945 . 006162 | —.000094 | 4. 00701 | 25.01 
ees siti ajapeglh Mah Se ee) bee EER EEE Ee bi wcihinsisnmcvigpacpnnn poaeeth eee ae 
Electrical pon of 
: : energy “Gas” | “Spark” “ Vapori- Mass of | om a | Deviation 
Experiment no. equivalent of) | seal seoriaiay zation’’ normal | 25 | from 
| calorimeter | ©UCTS8S Come? energy pentane Jegrees | mean 

system ! . eg | 

| 

Int. joules | | Int. kilo- | 
per degree | joules per | Kilojoules 
C Joules Joules | Joules | Mole mole | per mole 
a Es Sea eee 4.0 9.8 | 211.0 | 0.0172803 3535. 25 | —0. 75 
.... a 2.8 21.6 251.2 | .0172938 | 3537. 05 | 1.05 
Divkkvis askioan Ge weeanin aid 4.0 14.4 | 350. 5 - 0172008 | 3535. 15 | —. 85 
- 6.2 17.0 229.0} .0172761 | 3537.54 | 1. 54 
Bas ccinmand —1.1 15.1 | 258.6 | .0174528 | 3537.07 | 1.07 
6 1.7 | 24.9 282. 7 - 0172768 | 3535. 76 | —.2%4 
fe —2.5 22.3 255. 6 . 0172734 | 3534. 76 | —1,.%4 
8. 1.1 18.3 | 240.5 . 0173076 | 3535, 41 | —. 8 
Mean.....-- TIER teens Pee eee hte iets acto eee | 3536.00 | o£. 92 


1 Includes the heat capacity of 44 the mass of liquid water formed in the reaction. 
2 Includes a correction of + 0.008 percent for the carbon monoxide formed. 


VI. RESULTS OF THE PRESENT INVESTIGATION 


The uncertainties in the final values obtained from the present 
data have been computed by taking the total percentage “error” 
as equal to + ye,?+e,?+ es, where e; is the percentage “error” of the 
mean value of the calorimetric experiments with electrical energy, 
€, is the percentage “error” of the mean value of the calorimetric 
combustion experiments, and e; is an ‘‘error”’ of 0.01 percent assumed 
in the determination of the amount of reaction, due to impurities and 
other causes. 

The data of the present investigation then yield for the heats of 
combustion, at a temperature of 25 C and a constant total pressure of 1 
atmosphere, of gaseous ethane, gaseous propane, gaseous normal 
butane, and gaseous normal pentane, respectively, with gaseous 
oxygen to form gaseous carbon dioxide and liquid water, the following 
values, in international kilojoules per mole: 

CS ees eee 1,559.57 + 0.44 
SOTO sé ann a 2,219.57 + .51 


Normal butane____ 2,877.88 + .63 
Normal pentane__- 3,536.00 + .88 
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VII. DATA OF PREVIOUS INVESTIGATIONS 
e : 1. ETHANE 


The existing data on the heat of combustion of ethane are those of 
Thomsen (1), and Berthelot and Matignon (2). 


bs Thomsen performed seven experiments on ethane in his flame 
. calorimeter at constant pressure and at an average temperature of 
o § 19C. The first three experiments were made with a sample of ethane 
2 

a having the empirical formula C,H¢.05s, prepared from zine ethyl and 
o1 hydrochloric acid; the last four with a sample having the formula 


_~ C.H¢.083, prepared by the electrolysis of sodium acetate. ‘Thomsen 
determined the amount of reaction from the mass of carbon dioxide 
E formed. The writer has recomputed Thomsen’s data, including a 
correction for an impurity of methane, and obtains from his work, 
«3 for the heat of combustion of ethane at a temperature of 25 C and a 
constant pressure of 1 atmosphere, the value 368.9+1.3 k-cal,;, or 
1,543.2 + 5.5 international kilojoules, per mole. 

_ Berthelot and Matignon (2) performed three experiments on the 
heat of combustion of ethane, using a bomb calorimeter and working 
at an average temperature of 13 C. The amount of reaction was 


05 determined from the mass of carbon dioxide formed. Their recom- 
~ puted data yield for the heat of combustion of ethane, at a tempera- 
: ture of 25 C and a constant pressure of 1 atmosphere, the value 
4 372.14+0.8 k-cal,;, or 1,556.6+3.4 international kilojoules, per mole. 

- The various data on the heat of combustion of ethane are com- 
2 pared in figure 2. The values from Thomsen (1) and Berthelot and 


ig Matignon (2) are lower than the value from the present investigation 
by 1.05 and 0.19 percent, respectively. 


2. PROPANE 
t & The existing data on the heat of combustion of propane are those 
y -§ of Thomsen (1) and Berthelot and Matignon (2). 


Thomsen performed seven experiments in his flame calorimeter, 
at constant pressure and at an average temperature of 17.8 C, on a 
sample of propane having the empirical formula C3H7.9, prepared 
from isopropyl iodide, zinc, and hydrochloric acid. The amount of 
reaction was determined from the mass of carbon dioxide formed. 
The recomputed data of Thomsen, including a correction for impurity, 
yield for the heat of combustion of propane, at a temperature of 
of 25 C and a constant pressure of 1 atmosphere, the value 528.7 
+1.2 k-caljs, or 2,211.7 + 5.0 international kilojoules, per mole. 

Berthelot and Matignon performed three experiments on propane 
in their bomb calorimeter at an average temperature of 17 C. The 
amount of reaction was determined from the mass of carbon dioxide 
formed. Their recomputed data yield for the heat of combustion of 
propane, at a temperature of 25 C and a constant pressure of 1 
atmosphere, the value of 527.9+ 1.8 k-cal,;, or 2208.4+7.5 interna- 
tional kilojoules, per mole. 

The various data on the heat of combustion of propane are com- 
pared in figure 2. The values from Thomsen (1), and Berthelot and 
Matignon (2) are lower than the value from the present investigation 
by 0.35 and 0.50 percent, respectively. 
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3. NORMAL BUTANE 


There are no data on the heat of combustion of normal butane 
recorded in the literature. 


4. NORMAL PENTANE 


rT’ . 
[The only value for the heat of combustion of normal pentane 
recorded in the literature is that of Roth and Machlett (3). These 
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FIGURE 2 .—FPlot o the various data on the heats o combustion o ethane propane, 
> & } 
and normal pentane. 


The ordinate scale gives the heat of combustion at a temperature of 25 C and a constant total pressure of 
1 atmosphere in international kilojoules per mole. The average values of each investigation, together 
with the estimated uncertainties, are indicated as follows: T, Thomsen; BM, Berthelot and Matignon; 
RM, Roth and Machlett; R, Rossini. 


authors have not published a report of their experiments, and give 
only the numerical result. Roth and Machlett found for the heat of 
combustion of liquid normal pentane, at constant volume in a bomb 
calorimeter at a temperature of 20 C, the value 11,551 g-cal,,; per gram 
of liquid normal pentane, weighed in air. Applying the appropriate 
corrections, this value becomes 832.8 k-cal,; per true mole of liquid 
normal pentane, at a temperature of 25 C and a constant pressure of 
1 atmosphere (lack of information prevents making the Washburn 


























749 


Rossini] Heats of Combustion 





correction). Roth and Machlett give for the heat of vaporization of 
liquid normal pentane at 20 degrees C the value 4.9 k-cal per mole. 
This value is apparently too low, as the calorimetric data of Griffiths 
and Awbery (9) yield 6.2 k-cal per mole for the heat of vaporization 
at 25 degrees C, and the data on the variation of the vapor pressure 
with temperature (10) yield 6.6 k-cal per mole. Taking the directly 
measured value of 6.2, the data of Roth and Machlett yield for the 
heat of combustion of gaseous normal pentane, at a temperature of 
25 C and a constant total pressure of 1 atmosphere, the value 839.0 
k-cal,;, or 3509.8 international kilojoules, per mole. If the value for 
the heat of vaporization given by Roth and Machlett were used, 
the above value would be lowered by 1.3 k-cal, or 5.4 kilojoules. 

The data on the heat of combustion of gaseous normal pentane 
are compared in figure 2. The value from Roth and Machlett (3) 
is lower than that from the present investigation by 0.74 percent. 


VIII. SUMMARY 


The results of the present investigation confirm the suspected 
existence of exceedingly large uncertainties in the hitherto existing 
“best” values for the heats of combustion of eth: ane, propane, normal 
butane, and normal pentane. The values from the previous investiga- 
tions given in the preceding section of the present paper were com- 
puted from the original data by this writer; while the values which 
have mostly been used for the heats of combustion of these gases 
are those given in the International Critical Tables (11). These latter 
values were taken from the compilation by Kharasch (12), and, when 
corrected to a temperature of 25 C, are all lower than those from the 
present investigation by the following respective amounts: Ethane, 
1.23 percent; propane, 0.87 percent; normal butane, no existing data; 
normal pentane, 0.86 percent. These differences are from 30 to 50 
times the estimated uncertainties in the values obtained from the 
present investigation. , 

The data of the present investigation give, for the heat involved in 


the reaction, C,,Hon,2 (gas) +“ wind = O, (gas) =nCQ, (gas) + (n+ 1)H.O 


Do 


(liquid) at a temperature of 25 c and a constant total pressure of 1 
atmosphere, the following values for ethane, propane, normal butane, 
and normal pentane: 


TaBLE 10.—Results of the present investigation 




















| | Heat of combustion* at 25 
degrees C and a constant pres- 
sure of 1 atmosphere 

Substance Formula State 
International | 
kilojoules per | k-calis per mole 
mole (funda- | (defined unit) 
mental unit) 
NN ee a pe ea Gas_............--| 1559. 5740. 44 372. 810. 11 
Propane-_. : ie. > “eae SE eae 2219. 574 . 51 530. 57+ .12 
Normal butaue- RE dann ae NO a dh eee JS Sa ees 2877. 884 . 63 687.944 .15 
Normal pentane....__.._______- So UES Ts eae 3536. 00+ . 88 845, 27+ . 21 











*As explained in sec. II, p. 736, the Sundemmentil « unit of energy in the present investigation is the in- 
ternational joule based upon st: andards maintained at this Bureau, while the k-cal;s is a defined unit, 1 k-calis 
being taken equivalent to 4.1850/1.00040 international kilojoules. One mole (18.0156 g, true mass) of H20 
is taken as equivalent to }4 mole of C2He, to 4 mole of CsHs, to % mole of CiHy, and to % mole of CsHi. 
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Data have now been obtained in this laboratory on the heats of 
combustion of all the normal paraffin hydrocarbons in the gaseous 
state from methane to pentane, inclusive. In a subsequent paper, 
these data will be utilized: First, in the calculation of the heats of 
formation of these molecules; second, in the accurate prediction of the 
heats of combustion and of formation of the gaseous normal paraffin 
hydrocarbons containing more than five carbon atoms in the molecule; 
and third, in drawing conclusions concerning the energies of the atomic 
linkages in these molecules. 

The author is deeply grateful to the late Dr. Edward W. Washburn 
for his helpful advice, his many valued suggestions, and his keen 
interest in this work. 
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STUDY OF THE SYSTEM CaO-Si0,-H,O AT 30 C AND OF 
THE REACTION OF WATER ON THE ANHYDROUS 
CALCIUM SILICATES 


By E. P. Flint and Lansing S. Wells 


ABSTRACT 


A graph has been prepared representing the solubility of silica at 30 C in solu- 
tions containing increasing concentrations of lime up to saturation, the solutions 
being in ‘‘equilibrium’”’ with solid phases composed of hydrated combinations of 
lime and silica. An electrometric and analytical study of both supersaturated 
and unsaturated solutions of silica at definite concentrations of lime, when corre- 
lated with these equilibrium solubility relationships, indicates the existence of 
definite compounds in the system CaOQ-SiO.-H,0 which may be the hydrated 
calcium salts of orthosilicic acid. Experimental values were obtained for the 
hydrolysis constants of these salts from which ionization constants for the four 
steps in the dissociation of orthosilicic acid were calculated. A study of the 
ree of water upon the anhydrous calcium silicates (CaO-SiO,, 3CaO-2Si02, 

2Ca0- SiO», 8B-2CaO- SiO,, 3CaO0- SiO.) showed that the products formed depend 
tote the equilibrium relationships of the system CaO-—SiO,-H,0. Of these 
compounds all but monocalcium silicate (CaQO-SiO,.) form solutions which pre- 
cipitate hydrated calcium silicate on standing. Application of the same methods 
to a study of the reaction of water upon a portland cement indicated that hydrated 
calcium orthosilicate is formed during the hydration of portland cement. A 
study of the reaction between diatomaceous silica and lime solution and between 
silica gel and lime solution is also included. 
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I. INTRODUCTION 


An experimental study of the system lime-silica-water should 
possess considerable practical value not only for its direct bearing 
upon the problem of the setting of portland cement and hydraulic 
mortars but also for possible applications in fields of geology, soil 
equilibria, and water purification. In this report the relationship of 
the system to products formed by the reaction of portland cement 
with water will be especially considered. 

Unfortunately it proved impossible to utilize petrographic methods 
in this study, owing to the apparently amorphous c.aracter of the 
solid phases formed by reactions between lime, silica, and water at 
room temperature. Hence the evidence obtained for the existence 
of definite compounds in the solid phases is indirect. Although it is 

alized that the state of combination of lime and silica in solution 
does not necessarily bear a direct relation to that in the solid phase, 
yet often changes which occur in the aqueous phase are of aid in inter- 
preting changes which may take place in the solid phase. Accordingly, 
an investig: ition was made of the composition of lime-silica solutions 
to obtain as much indirect evidence as possible as to the probable 
composition of the solid phases with which these solutions might exist 
in equilibrium. 

The term equilibrium will be used for the purpose of this paper to 
designate an apparently steady state between solid phase and solution, 
the composition of neither undergoing appreciable change in time 
periods of from several weeks to several months. It is recognized 
that this equilibrium may be displaced by the eventual crystallization 
of the solid phase, a process which, however, appears to proceed 
exceedingly slowly at room temperature. 

The first part of this paper deals with the solubility relationships 
of lime and silica, and presents correlations between the compositions 
of hydrated solid phases and of solutions with which they may exist 
in equilibrium, and with the state of combination of lime and silica 
in these solutions as determined electrometrically. 

The paper next considers the reaction of w ater upon compounds 
occurring in the binary system, lime-silica, in the light of the fore- 
going study. These compounds have the following molecular pro- 
portions:! CaO-SiO,, 3CaO-2Si0,, 2CaO-SiO., and 3CaO- SiO,. Tri- 
calcium silicate (3CaO-SiO,) and dicalcium silicate in its beta modifi- 
cation (8-2CaQO-SiO,) are the major constituents of portland cement,’ 
in which the gamma form of dicalcium silicate (y-2CaO-SiO,) also ap- 
pears occasionally. It will be shown that the generalization of Le 
Chatelier * that hydraulic materials possess metastable solubilities, 
applies to the calcium silicates occurring in portland cement. 

Finally the reactions of diatomaceous silica and of silica gel with 
lime in solution are compared and the relationship of the results to 
the system CaQ-SiO,-H,0 is discussed briefly. 


1A. L. Day, E. S. Shepherd, and F. E. Wright, The lime-silica series of minerals, Am. Jour. Sci., series 
4 vol. 22, p. 265, 1906. 

2G. A. Rankin, A study of the constitution of portland cement clinker, Jour. Ind. Eng. Chem., vol. 3, 
pp. 211-227, 1911; P. H. Bates, The constitution of portland cement, Concrete and Cement Age (Cement 
Mill Section) vol. 2, pp. 3-4, 1913; G. A. Rankin and F. E. Wright, The ternary system CaO-A]l20;-Si0O:, 
Am. Jour. Sci., series 4, vol. 39, pp. 1-79, 1915. 

3H. LeC hatelier, Recherches Expérimentales sur la Constitution des — Hydrauliques, Thése, 
Paris, 1887. Englisn translation also prepared by J. L. Mack, New York, 
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II. PRELIMINARY STUDY OF THE SYSTEM CaO-SiO.-H,O 
AT 30 C 


1. PREPARATION OF MATERIALS 





| 
: Colloidal silica gel is probably the most reactive form of silica, but 
| ee is difficult to prepare in the pure state. In this study, commercial 
: granular silica gel, ground to pass a no. 200 sieve, and purified accord- 
ing to the method of Bennett,* was used. This method of purification 
involved boiling with concentrated nitric acid followed by repeated 
' washing and subsequent electrolysis in distilled water with continu- 
ous removal of the solution at the electrodes. No nitric acid could 
be detected by qualitative tests in silica purified by the above method 
and used in this investigation. It had a nonvolatile residue of 0.02 
percent, based on the weight of the ignited silica. 
Distilled water for the solutions was freed from carbon dioxide by 
) boiling and subsequently cooling in a stream of CO,-free air. The 
er of calcium hydroxide solutions has been described pre- 
viously. 


} 2. METHOD OF PROCEDURE 


Preliminary experiments showed that silica gel dissolves slowly in 
dilute calcium hydroxide solutions at 30 C, but that increase of tem- 
perature had a marked effect upon its solubility and rate of solution. 
Thus, boiling an excess of purified silica gel with dilute solutions of 
‘alcium hydroxide for several days produced solutions generally 
ee containing 0.4 to 0.5 g SiO, and 0.02 to 0.05 g of CaO per liter. 
| Although these solutions were perfectly clear on filtering at the boiling 
| point, they gradually assumed a light-blue color on cooling to room 
temperature. Evidently this is due to a decreased solubility of 
silica at the lower temperature which results in the separation of a 
3 portion of the silica in the form of a colloidal sol. Such sols are very 
stable and may stand for months at room temperature with only very 
slight alteration in composition or appearance. 

However, it was found that precipitation of the colloidal silica 
could be effected quite readily by the addition of a small quantity of 
saturated calcium hydroxide solution. The precipitated silica was 
then easily removed by filtration. Although the initial sol-containing 
solutions when examined under the ultra microscope were seen to 
contain myriads of particles in Brownian movement, no trace of such 


» &§ movement could be detected in the clear solutions after precipitation. 
= a It was assumed, therefore, that the latter were true solutions saturated 
a with respect to silica at definite concentrations of calcium hydroxide. 


To investigate further the solubility relationships of silica and lime, 

a large quantity of the sol-containing solution was prepared, care 
being taken to avoid contamination by carbon dioxide of the air. 

The composition of this solution corresponds to point A in figure 1. 
This solution was then mixed in various proportions with a calcium 
hydroxide solution of the composition represented by point B, figure 


; 1. Great care was taken to measure out the volume of these solutions 
: accurately and to exclude CO, so that the initial compositions of the 





' ‘ Personal communication from Prof. E. Emmet Reid. _ : 
: SE. P. Flint and Lansing S. Wells, The activity coefficients of hydroxy! ion in solutions of calcium 
hydroxide at 30 C, B. 8. Jour. Research, vol. 11 (RP584), pp. 163-171, 1933. 
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resultant mixtures, represented by points on the diagonal AB, might 
be accurately known. 

The mixtures, in well-stoppered flasks, were placed directly in an 
air thermostat * maintained at 30+0.05° C. Rapid separation of a 
part of the lime and silica in the form of voluminous flocculent pre- 
cipitates occurred as the solutions changed from unstable states to 
conditions more nearly approaching equilibrium. After 1 month 
the solutions were filtered from the precipitates and were analyzed 
for silica and lime, using 400 to 700 ml samples. Silica was deter- 
mined by double dehydration, ignition to constant weight followed 
by volatilization with hydrofluoric acid and reignition to constant 
weight. Lime was precipitated as calcium oxalate and ignited to 
constant weight as the oxide. All evaporations and ignitions were 
made in platinum. 

The proportions of lime to silica in the precipitates were obtained 
from the differences between the compositions of the solutions before 
and after precipitation. This method seemed preferable to direct 
analysis of the solid phases due to the difficulty of obtaining repre- 
sentative samples of these precipitated materials, part of which ad- 
hered quite firmly to the interiors of the flasks. It also avoids 
uncertainties involved in the washing of these bulky precipitates 
with alcohol and ether which may further precipitate lime and 
silica from the mother liquor retained after filtration and thus alter 
their composition. Control experiments showed that no appreciable 
quantity of lime was taken up by tne glass in the time period used. 
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3. DISCUSSION OF RESULTS 


The results are illustrated by figure 1, where the curve CDEFB 
represents the solubility of silica in solutions containing increasing 
concentrations of lime. The initial compositions of the unstable 
lime-silica solutions are represented by points on the diagonal AB. 
Broken lines from these points to points on the curve CDEFB connect 
the initial and final compositions. The figures accompanying these 
lines give the molar ratios of lime to silica in the precipitated material 
calculated fiom the differences between the initial and final composi- 
tions of the solutions. 

The concentration of silica in the clear saturated solutions at first 
rises sharply from C to a maximum at D and then decreases as the 
concentration of lime increases. At the point E the direction of the 
solubility curve changes. From E the concentration of lime dimin- 
ishes to a minimum at F where there is again a change in the direction 
of the solubility curve. Subsequently, as the concentration of lime 
increases from its minimum value at F to the value at B, the amount 
of silica in solution decreases to very low values. 

Table 1 contains part of the data from which figure 1 was con- 
structed. 





6 For description see Lansing S. Wells, Reaction of Water on Calcium Aluminates, B.S. Jour. Research, 
vol. 1 (RP34), p. 954, 1928. 
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TaBLE 1.—Compositions of equilibrium solutions and molar ratios of lime to silica 
in precipitates which separated from unstable lime-silica solutions of initial com- 


positions lying on AB in figure 1 
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Figure 1.—Showing the quantiiy of silica at 30 C in solutions of increasing lime 
concentration which are saturated with respect to hydrated solid phases containing 
lime and silica in the molar proportions shown. 


It will be shown later by an electrometric method that of the total 
lime in solution in the region of the curve CDEF a relatively small 
proportion is uncombined and that the molar ratios in column 4 very 
nearly represent the actual state of combination in solution. Thus, 
molar ratios between 0 and 0.5 may represent equilibria between 
hydrated silica and a calcium silicate containing lime and silica in the 
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molar proportion 1CaQ:2SiO,. Molar ratios between 0.5 and 1 may 
represent equilibria between two calcium silicates of molar proportions 
1CaO:2SiO, and 1CaQO:1SiO,. This possibility will be considered in 
detail in the following section. 

The solid phases in equilibrium with solutions along the curve CD 
contain only a few hundredths ofa mol of lime per mol of silica 
(table 1, column 5) and may consist, therefore, of hydrated silica with 
a small amount of adsorbed lime. Along the curve EF the molar 
ratio of lime to silica in the solid phases is unity within the experi- 
mental accuracy. In the intermediate region along DE the molar 
ratios vary between 0.2 and 0.5, but for reasons which will become 
apparent, it is believed that the true molar ratio in this region may be 
0.5. To verify this supposition two additional compositions were pre- 
pared in the vicinity of solutions nos. 6 and 7 of table 1 and these pre- 
cipitated materials of CaOQ/SiO, molar ratios of 0.39 and 0.48, respec- 
tively, in somewhat better agreement with the theory. 

It should be noted here that the initial compositions along the diag- 
onal AB were not all prepared at the same time nor from the same 
initial solutions, A and B, but were actually prepared from four dif- 
ferent sets of initial solutions, the compositions of the mixtures being 
adjusted by addition of water so as to fall at regular intervals on the 
line AB. The consistency and duplicability of the results was such 
as to furnish good evidence that the curve CDEFB represents equilib- 
rium conditions as defined in the introduction. 

It was also found that when precipitation was carried out at boiling 
temperature and the precipitate allowed to stand in contact with the 
solution for several weeks that the composition of the final solution 
would be represented by a point on the curve CDEFB, thus giving 
further evidence that equilibrium had been established. 

Tentatively, on the basis of the molar ratios of the solid phases, the 
segment CD of the curve may be assumed to represent the composi- 
tions of solutions saturated with respect to the solid phase, hydrated 
silica, at increasing concentrations of lime; DE may represent the 
compositions of solutions saturated with respect to a calcium silicate 
of the molar ratio 1CaQ:2Si0O,.; EF may represent saturation with 
respect to a calcium silicate of the molar ratio 1CaOQ: 1510s. 

As previously mentioned, a difficulty presents itself in the variable 
molar ratios in the solid phases along DE. According to the phase 
rule only one solid phase may exist in equilibrium with these solutions 
under the prevailing conditions, whereas the molar ratios indicate that 
mixtures of two solid phases, hydrated silica and 1:2 calcium silicate, 
are present. The most probable explanation of this anomaly appears 
to be that two phases were precipitated together from the original sol- 
containing solution and that insufficient time was allowed for the 
system to approach a steady state which would have resulted in the 
transformation of the hydrated silica into calcium silicate. Experi- 
ments showed that re-solution of precipitates consisting of hydrated 
silica does not readily take place even at boiling temper ature, hence 
it is to be expected that the reaction of solid hydrated silica with lime 
in solution to give solid calcium silicate would be a slow process. It 
is therefore believed that the curve DE represents the compositions 
of solutions saturated with respect to the 1:2 calcium silicate, although 
the steady state previously defined as equilibrium in the solid phase 
had not been attained. 
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The highest molar ratio of lime to silica in the solid phase indicated 
in figure 1 is 1.64. When a small volume of silica solution was mixed 
with a large volume of saturated lime solution, precipitates containing 
higher molar ratios of lime to silica were obtained. They were filtered 
off, washed with alcohol and ether, and analyzed. At lime concentra- 
tions of 1.052 and 1.159 g of CaO per liter, the molar ratios of lime to 
silica in the precipitates were 1.79 and 1.85, respectively. Thus it 
appears that the molar ratio 2CaO:1SiO, is approached when the 
solid phase is in equilibrium with saturated lime solution. 

These hydrated calcium silicate precipitates were found to set to a 
hard mass after drying between filter paper and in a desiccator. A 
similar observation has been made by Michaelis 7 and forms the basis 
of his ‘‘inner desiccation”’ theory for the hardening of portland cement. 
The mechanism of the formation of precipitates of entirely similar 
properties from metastable solutions of the anhydrous calcium sili- 
cates will be considered later in this paper. It will be shown there 
that Le Chatelier’s theory of the metastable solubility of hydraulic 
materials is a necessary complement of Michaelis’ theory of hydraulic 
hardening. 

A number of previous investigators have prepared hydrated calcium 
silicates to which they have assigned formulas on the basis of analytical 
evidence. Le Chatelier,® from experiments on the reaction between 
hydrated silica and lime solution, concluded that the composition 
CaO-SiO,-2 1/2H,O represents a definite compound and that higher 
molar ratios of lime to silica result from the adsorption of lime by this 
compound. Jordis and Kanter,’ by similar means, obtained a product 
corresponding in composition to the formula CaQO-Si0,-H,O. Klas- 
see '° likewise prepared a hydrated calcium silicate having the molar 
ratio CaO/SiO, = 1 by the reaction: Na,SiO;+ Ca (NQO;).—>-2NaNQO,+ 
CaSiO;. He also obtained a hydrated silicate in which the molar 
proportion CaO/SiO, was equivalent to 3:2 by substituting sodium 
orthosilicate for sodium metasilicate. On shaking the resulting cal- 
cium silicate with saturated calcium hydroxide solution, the molar 
proportion of lime to silica increased to 1.8. From these experi- 
ments Klassee postulated the existence of hydrated 1:1, 3:2, and 2:1 
calcium silicates. 

Also, a number of crystalline hydrated calcium silicates containing 
lime and silica in the molar ratios, 1:2, 1:1, 3:2, and 2:1, occur in 
nature as rare minerals." 


III. CONSTITUTION OF CALCIUM SILICATE SOLUTIONS 


1. THE COMBINATION OF LIME AND SILICA IN CALCIUM SILICATE 
SOLUTIONS 


This portion of the investigation deals with a study of the equilibria 
existing in lime-silica solutions and the bearing of these equilibria 
upon the composition of solid phases which occur in the system 
CaO-SiO,-H,O. The assumption is made throughout that silica can 
exist in solution as a definite crystalloidal silicic acid capable of 





™W. Michaelis, Recognition of Hydraulic Cements, Prot. Ver. D.P.C.F., 1909. 
§ See footnote 3, p. 752. 
oe and E. H. Kanter, Contributions to the Knowledge of the Silicates, I, Z. anorg. Chem., vol. 35, 
p. 82, 1903. 
0 F. Klassee, Attempts to Prepare Calcium Hydrosilicates, Zement, vol. 17, p. 48, 1928. 
"V. A. Vigfusson, The Hydrated Calcium Silicates, Am. Jour. Sci., vol. 21, pp. 67-78, 1931. 
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forming salts with calcium hydroxide. Justification for this view is 
furnished not only by the consistent interpretation which it gives to 
the observed data, but also by the work of previous investigators, 
including: (a) The construction of titration curves characteristic of a 
weak acid and the derivation of ionization constants therefrom,” 
(b) molecular weight determinations by freezing point lowering, B 
(c) preparation of organic derivatives of silicic acid such as ethyl 
orthosilicate,"* (d) the crystallization of definite silicates from solu- 
tion, (e) measurements of conductivity of silicate solutions which 
indicate the presence of definite compounds therein,” (f) assignment 
of transference numbers to silicate ions,’ and (g) diffusion experi- 
ments.'® 

As all lime-silica solutions prepared in this study were alkaline it 
was assumed that they contained mixtures of calcium hydroxide and 
calcium silicate formed by the partial or complete neutralization of 
silicic acid. The extent of combination between lime and silica in 
such silicate solutions was determined by electrometric measurements 
upon the cells: 


(1) H,|Ca(OH).(c) | KCI (saturated) | HgCl+ Hg 


‘ , ee ‘ 
(2) Hy | Ca(OH)(c) | C1 (saturated) | HgCl + Hg|"* °° © 

The type of hydrogen electrodes and calomel half cell used and other 
details have been reported previously.” 

The potentials of cells (1) and (2) should be identical when the 
concentration, Ca(OH),(c), in the two cells is the same, assuming 
that the alteration of the potential of the liquid junction, 
Ca(OH), (c)| KCI (saturated), caused by the presence of calcium sili- 

cate, is negligible. With cell (i ) the relationship between potential and 
valebanh hydroxide concentration may be determined by direct 
measurements. Knowing this relationship the concentration of 
uncombined calcium hydroxide in calcium silicate solutions may 
readily be obtained from electrometric measurements. The difference 
between the total dissolved lime and that present as uncombined 
calcium hydroxide must represent lime combined as calcium silicate. 

To determine the concentration of uncombined calcium hydroxide 
corresponding to a given electromotive force, measurements of the 
potentials of cell (1) were made for various concentrations of calcium 
hydroxide. Table 2 gives the data obtained. The pH values given 
in this and subsequent tables were calculated from a formula used in 
a previous electrometric study of solutions derived from the calcium 





122A. F. Joseph and H. B. Oakley, The Action of Silica on Electrolytes, Jour. Chem. Soc., vol. 127, pp. 
2813-2818, 1925; H.T.S. Britton, Electrometric Study of the Precipitation of Silicates, Jour. Chem. Soc., 
pp. 425-436, 1927; R. W. Harman, Aqueous Solutions of Sodium Silicates, VII, Jour. Phys. Chem., vol. 31, 
pp. 616-625, 1925; W. D. Treadwell and W. Wieland, The Hydrates of Silicic Acid, Helv. Chim. Acta, 
vol. 13, pp. 842-864, 1930. 

13 R. Willstaétter, H. Kraut, and K. Lobinger, The Simplest Silicic Acids, Ber., 61B, pp. 2280-2293, 1928. 

144A. W. Dearing and E. E. Reid, Alky] Orthosilicates, Jour. Am. Chem. Soc., vol. 50, pp. 3058-3062, 1928. 

18K. A. Vesterberg, NasSi03-9H20, A Well-Defined Crystalline Sodium Silicate, Zs. anorg. Chem., 
vol. 88, 341-348, 1914; G. W. Morey, New Crystalline Silicates of Potassium and Sodium, Their Preparation 
and General Properties, Jour. Am. Chem. Soc., vol. 36, pp. 215-230, 1914. 

is F. Kohlrausch, Solutions of Sodium Silicates, Zs. Physik. Chem., vol. 12, pp. 773-791, 1893; R. W. Hare 
man, Aqueous Solutions of the Sodium Silicates, 1, Jour. Phys. C hem., vol. 29, pp. 1155- 1168, 1925. 

17 R. W. Harman, Aqueous Solutions of the Sodium Silicates, Il, Jour. Phys. Chem., vol. 30, pp. 359-368, 
1926. 
18 P. B. Ganguly, Diffusion of Aqueous Sodium Silicate Solutions Across Semipermeable Membranes, 
Jour. Phys. Chem., vol. 31, pp. 407-416, 1927 

19 See footnote 5, p. 753. 
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emf (observed) — 0.2437 
0.06011 
formity with that investigation.” This formula neglects liquid 
junction potentials and the values of pH are inserted merely for 

comparative purposes and to indicate the range covered. 





aluminates, pH = , in order to preserve uni- 


Taste 2.—Electromotive force measurements upon the cell, H2|Ca(OH).(c)\|KCl 
(saturated)| HgCl+ Hg at 30 C, and the pH of calcium hydroxide solutions calculated 
therefrom 



































1 2 3 4 1 2 3 4 
Ca(OH): Ca(OH): 
No. concentra- emf pHe No. concentra- emf pHe 
tion tion 
g CaO/l v g CaO/l v 
1 -eenae oianee 0. 00083 0. 78896 0. 4002 0. 95582 11.85 
2 ES Sey . 00169 . 81446 . 4987 . 96106 11.94 
3 5icb uaa . 00314 . 83278 . 5983 . 96502 12. 00 
4 Pa ae . 00631 . 85156 . 6988 . 9686 | 12. 06 
5 I ssp nibs sparta . 0124 . 87102 . 8004 9720 | 12.12 
6 sobs eee . 0248 . 88796 8997 | .9745 12. 16 
7 Sei Sain onal -0500 | . 90621 .9995 | .97677 2. 20 
io ae } - 1024 | . 92346 1.092 | . 9790 12. 23 
* PRES HERIOT IPS | 2004 | . 93925 1.199 | 9810 12. 26 
10 puoeariend | ae). oe | 





e Calculated from relationship, pa 

In correlating data obtained by measurements upon cells of type 
(2) it was first assumed that lime and silica were combined in solution 
as monocalcium silicate (the calcium salt of metasilicic acid) and that 
only the calcium hydroxide in excess of this compound contributed to 
the potential of the cell. Figure 2 compares potential measurements 
made upon cell (1) with potential measurements made upon cell (2) 
for solutions derived from various sources and containing varying 
amounts of lime and silica and in which the lime present as calcium 
hydroxide is computed as that in excess of monocalcium silicate. 
A portion of the data for calcium silicate solutions contained in this 
figure will be presented in subsequent tables. 

Inspection of figure 2 shows that if only a small amount of lime is 
present in excess of that required to form monocalcium silicate the 
emf of cell (2) is greater than that corresponding to the excess lime. 
Hence less lime must be combined with silica than is required by the 
molar ratio 1CaQ:1SiO,. At higher concentrations of lime in excess 
of CaOQ- SiO, the relationship is more closely fulfilled. With increasing 
concentration of calcium hydroxide the emf of cell (2) is less than that 
corresponding to lime in excess of monocalcium silicate, hence more 
lime must be combined with silica than corresponds to the ratio 
1CaO:1Si0,. 

A survey of the compositions of these calcium silicate solutions and 
of the emf data showed that: (1) Lime and silica in solution may be 
combined in a molar ratio of less than 1CaQ:1Si0O,, when the concen- 
tration of lime is low and that of silica relatively high; (2) the molar 
ratio of combined lime to silica may be greater than 1CaO:15i0, 
when the concentration of lime is high compared to the concentration 





%” See footnote 6, p. 754. 
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region. 


solution. 


Consideration of these facts led to the assumption that the calcium 
silicates present in the system CaOQ—SiO,—H,O at 30 C are salts 
not of metasilicic acid but of orthosilicic acid (H,SiO,) of whth four 
are possible: Ca(H,;Si10,)., CaH,SiO,, Ca;(HSiO,)., and Ca,SrO,, in 
3:2, and 2:1. 


which the molar ratios of lime to silica are 1:2, 1:1, 
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Figure 2.—Correlation of electrometric measurements upon calcium hydroxide and 
calcium silicate solutions indicating that silica is not combined as monocalcium 


silicate at all concentrations of lime. 


2. EQUATIONS FOR THE SUCCESSIVE STAGES IN THE HYDROLYSIS 


OF CALCIUM ORTHOSILICATE 


The hydrolyses of these calcium silicates and the corresponding 
mass action equilibrium expressions, assuming complete dissociation 
of calcium hydroxide and of the calcium silicates involved, are repre- 


sented by the following equations: 
Ca(H,Si0O,). + 2H,O—2H,Si0, + Ca(OH), 


(H;Si0,-] 


Ki, ‘ 


2Ca H,Si0, T 2H,.O—Ca (H,Si0,). i Ca (OH )o 


a) 


[Vol. 19 


of silica; (3) the molar ratio may equal 1CaO:1SiO, in an intermediate 
It was shown in the previous section that the solid phases 
which precipitate from such solutions or are in equilibrium with them 
increase in lime content from a molar ratio of 0.04CaO:1SiO, at the 
lowest lime concentration studied (0.0273 g CaO per 1) to a molar 
ratio approaching 2CaQ:1Si0O, when in contact with saturated lime 
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_[H,Si0-] (OH-] 





Kn, TSO] (2a) 
Ca, (HSiO,), + 2H,O—2CaH.SiO, + Ca(OH), (3) 
_ [H,Si0,-] [(OH-] : 
Kon THSIO =] (3a) 
2Ca.SiO, + 2H,0—Ca;(HSi0,), + Ca(OH), (4) 
_ [HSi0,=] [OH™] 
Ki, = (SiO,=] (4a) 


K,,, Kn, Kn, and K,, are the equilibrium constants for the succes- 
sive stages in the hydrolysis of calcium orthosilicate, Ca,SiQ,. 

Relationships between these hydrolysis constants and the ionization 
constants of orthosilicie acid will be developed later. 
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FicurE 3.—Showing the compositions of series of solutions prepared for investiga- 
tion of the state of combination of lime and silica in solution at various lime con- 
centrations and the relationships of these compositions to the diagram of figure 1. 


3. HYDROLYSIS OF Ca(H;S 0,)2 


The validity of equation la, the mass action expression for the 
hydrolysis of the least basic calcium silicate, Ca(H,SiO,)2, in its appli- 
cation to calcium silicate solutions was first investigated. For this 
purpose a series of dilutions of a silica solution, prepared according to 
the method described in the previous section, was made up. Their 
compositions are given in columns 2 and 3 of table 3 and are repre- 
sented by points along the line MN of figure 3. Actually 2 series of 
dilutions of 2 different solutions were prepared, the first 4 composi- 
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tions of table 3 belonging to 1 group, and the remainder to another, 
The stable phase in contact with solutions of these compositions was 
found in the previous section to be probably hydrated silica. 
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TABLE 3.—Data used in determining the hydrolysis consiant Ky, of the reaction: 
Ca(H3Si0,).+ 2H,0—2H,Si0,+ Ca(OH), 














1 2 | -_— e. 5 ie oe 7 | S ee. 
| Composition of | | Molar 
solutions 4 ratio of SiOz2 in 
| CaO corre- i “tas eee 
No. | — | sponding | pH | —e | ofCe Kx, X105 

Cad gio to emf | total SiOe | (H3SiO,)2 

” Le reste in solution | 

| | 

a Few. © ESE Et Mey ree ek ee en -|— 
git | oft | v git g/t s 
Ee a aerrceee 0.0346 | 0.3136 0. 82872 0.00267 | 9.73 | 0. 280 0. 1324 7. 44 
2 --| 0780 . 2890 | 82823 | . 00264 | 9.72 279 .1219 | 7.44 
Bakienil oe . 0720 | . 2668 | .82802 . 00261 9. 72 279 1126 | 7.40 
ROS .-|  .0660 | . 2446 . 82766 | .00259 | 9,72 | 278 . 1064 | 6.86 
5 a cdipeelenang . 0584 . 2226 | .8241 | .00229 | 9.6 270 .0975 | 6.96 
6 aes . 0526 . 2003 | .8229 | . 00222 | 9.64) 269 | .0876 | 6.78 
7 . 0467 | . 1781 . 8219 .00215 | 9.62} . 268 .0781 | 6.82 
ie ES .0409 | .1558| .8203 | 00202 | 9.59 | 266 . 0682 | 6.27 
y Kemaipet bees . 0350 . 1336 | =. 8202 .00201 | 9. 59 264 . 0586 | 6.39 
10 a . 0292 -1113;  . 8191 .00196 | 9.57 | 262 | . 0488 6. 51 
11 natmakes .0234 | .0890; .8189 | -00195 | 9. 57 258 | . 0389 | 6.52 
12 = Sere . 0175 .0668 | .8183 | . 00191 9. 56 | 250 | .0293 | 6.81 
13 + oe” . 0116 . 0445 .8147 | -00171 | 9.50) . 238 . 0197 6. 73 
ee ee ae . 0058 . 0223 . 8079 | .00138 | 9.39 | . 213 . 0099 | 6.68 
WIR Gok wo en ks cdl adhd Sk nk Sedens eacewaceblada dba ascbeans nabeebbadeunan 6.81075 





The potentials of the cell of type (2) were measured immediately 
after preparation of the solutions and are recorded in column 4 of 
table 3. If equation (1) is applicable these measurements are given 
by the cell: 

| Ca(OH), | 
H, | Ca(H,SiO,). | KCl (saturated) | HgCl+ He, 
| H,SiO, 
where the concentrations of lime and silica are varied. 

The lime concentrations given in column 5 of table 3, corresponding 
to the measured potentials, were obtained from a large scale plot of 
emf against lime concentration prepared from data in table 2. By 
comparison of columns 2 and 5 (table 3) it is seen that only a small 
portion of the total lime present contributes to the potential of the 
cell. That which does nor contribute must be combined with silica 
and column 7 gives the molar ratio of this combined lime to the total 
silica. Evidently if equation (1) represents the equilibrium existing 
in these solutions this molar ratio should be intermediate between 
CaO/SiO,=0.5, corresponding to the compound Ca(H,SiO,)., and 
CaO/SiO, =0, corresponding to H,SiO,. It is seen that this condition 
is fulfilled by the data and it is evident that equations 2, 3, and 4 
can not apply to this case. 

Column 8 gives the concentration of silica calculated to be in excess 
of that required to form the compound Ca(H,SiO,). with the total 
lime present. Data in columns 2, 5, and 8 permit calculation of the 


hydrolysis constant, 
_(H,Si0, [OH] al 
[H;Si0,7} 





Kn, 
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for the equation: 
; Ca(H,Si0,).+ 2H,O—2H,Si0,+ Ca(OH), (1 ) 


Thus, for each mol of uncombined lime given in column 5, the solu- 
tion must contain 2 mols of hydroxyl ion and 2 mols of H,SiO, as 
expressed by the equation. The total silicic acid includes also the 
quantity calculated to be present in solution in excess of Ca(H;Si0,).. 
For each mol of combined lime, represented by the difference of the 
quantities in columns 2 and 5, the solution must contain 2 mols of 
H,SiO,-. The concentrations [H,SiO,], [OH~], [H;Si0,-], may thus 
be readily obtained from the data and values of A), calculated. 


































For example, the calculation of K,, for solution 1 of table 3 was 


_, 0.00267, 17 oe, __ 0.1324 , 0.00267. 
performed as follows: [OH 1=ZCad? [H,Si0,] = SiO, oo ZCaO : 


(H,SiO,-] = 2 EGO): where SiO, and CaO represent the 


molecular weights of silica and lime, respectively. 














(ae) (Son ttco) 

‘ - _\%CaO ca are ee 

Then Any= a(S La =7.44X10-5, as given in 
" CaO 


; column 9. 

The absence of a general trend of increase or decrease in Ky, as the 
solutions undergo an approximately 15-fold variation in concentration, 
: and the constancy of these values within the experimental accuracy, 
j justify the conclusion that equation 1 represents the equilibrium 
involved, i.e., the hydrolysis of a calcium silicate having the molar 
ratio CaO/SiO, = 0.5, to calcium hydroxide and silicic acid. 





4. HYDROLYSIS OF CaH,SiO, 


In order that the hydrolysis of CaH,SiO, may proceed only to 
Ca(H,Si0,). a sufficiently high concentration of calcium hydroxide 
must be present to repress the further hydrolysis to H,SiQ,. To 
investigate the region where this condition occurs emf measurements 
were obtained for solutions whose compositions lie on the line OP of 
figure 3 as well as at lime concentrations intermediate between MN 
and OP, these compositions being prepared by adding calcium 
hydroxide to members of the MN series. The molar ratios of com- 
¢ bined lime to total silica in the solutions was found to be approxi- 
mately 0.5, indicating that they contained predominately Ca(H,SiO,). 
with CaH,SiO, and H,SiO, probably also being present in smaller 
concentrations. Hence no satisfactory value of the hydrolysis con- 
stant of the equilibrium between CaH,SiO, and Ca(H,SiO,). could be 
obtained in this region. 

Therefore, a series of compositions (table 4) lying on the line QR 
of figure 3 was prepared at a somewhat higher lime concentration 
(0.1750 g CaO perl). Although these solutions were highly super- 
saturated with respect to hydrated calcium silicate all but the first 
three or four of table 4 remained stable for many hours with no trace 
of precipitation. 


ee eee ee ee ee ee ESSE SO 
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TABLE 4.—Data used in determining the hydrolysis constant Ky3 of the reaction 


2CaH,Si0,+2H,O = Ca(H,S8i0,).+ Ca(OH), 
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[Lime concentration=0.1750 g CaO per 1 in all solutions] 



































1 2 3 4 5 | 6 | 7 8 
| 
| ji Moles, 
Concen- | aO Cor- | | ratioof | Gao in 
; | emfof | respond- | | combined | 
No. or BIO. cell | ingto | PH | cCadto | Bm os KnsX10s 
=e | emf | | total SiO» | _ 
| | in solution | 
| | | 
| 
git v git | | g/t 
ee ae eee 0. 2876 0. 89582 0. 0337 | 10. 85 | 0. 53 | None 
3: : . 2634; .90024/ .0406/ 10.92 None |... 
¥ 2418 | 90598 |. 0497 | 11.02 None | 
4 . 2205 . 90947 | . 0557 | 11. 08 | None | 
= . 1985 9112 | . 0608 11.10 None 
= . 1776 . 9150 . 0708 11.17 | 0. 0091 7.3 
ate . 1571 9182 | . 0804 | 11. 22 . 0282 r eB ' 
- . 1367 . 9210 . 0910 11. 27 0473 | 7.1 
y .1166 | .9231 | .1006| 11.301] .0661 | 6.2 
10- 0966 | .9249 1093 | 11. 38 0848 | 4.6 
11 . O788 | .9275 | 1218 | 11. 38 | .1013 | 5.5 
12 . 0574 . 9296 | . 1344 | 11. 41 1110) 4.5 
RONG. S ocdicuccte eid ntleceaied tions Pn Sib: OB, ele Ah RRP ; .-| 6.0X10-3 


If calcium hydroxide is present in sufficient concentration in these 
solutions to prevent the hydrolysis of CaH,SiO, to H,SiO, the potential 
measurements recorded in table 4 are given by the cell, 


| Ca(OH), | | 
H, | CaH,SiO, KCl (saturated) | HgCl+ Hg, 
| Ca(H,SiO,). | | 


from which the hydrolysis constant, 


- _ [H;Si0,-] [OH~] 
Kos = —THSIO,"] ~” (2a) 
of the reaction: 

2CaH,SiO, + 2H,0 = Ca (H,Si0,). + Ca (OH);, (2) 


may be calculated. 

Column 6 of table 4 gives the molar ratios of combined lime to 
total silica and these values lie between i, corresponding to the com- 
pound CaH,SiQ,, and 0.5, corresponding to the compound Ca (H,SiO,)». 
It is evident that equation 2 only can apply to this equilibrium. 
Column 7 contains the lime in excess of that required by the silica to 
form the compound CaH,SiO,;. No calculation of K,; was attempted 
for those solutions which contained less total lime than corresponds to 
this compound. The method of calculating values of Ky3 given in 
column 8 will be made clear by the following example: 





Solution no. 6:(OH-]= 775 cqg3 HSI] = Oy 
[H,Si0,"]= “soe —[H,Si0,-]; Kys=7.3 X 107°. 


The satisfactory agreement of the values of Kj; thus calculated 
justifies the application of equation 2 to this equilibrium. 
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5. HYDROLYSIS OF Ca;(HSiO,), 


Figure 2 indicates that with a concentration of lime relatively high 
compared to the concentration of silica the molar ratio of combined 
lime to silica may exceed unity. If such combinations represent the 
neutralization of a definite silicic acid by calcium hydroxide then it is 
necessary to assume that the acid has more than two replaceable 
hydrogens. 

To investigate solutions of higher proportion of combined lime to 
silica the series represented by the line ST in figure 3 was prepared. 
These solutions were highly supersaturated and unstable and, in the 
case of the first two, the equilibrium reading of potential was not 
obtained until after precipitation of hydrated calcium silicate had 
begun. The molar ratios of combined lime to silica of approximately 
unity given by these measurements indicated that CaH,SiO, is 

resent in these solutions probably together with lower concentrations 
of Ca(H,SiO,). and Ca3(HS10,)>. 

It had been noticed repeatedly that precipitation from unstable 
silicate solutions during measurement on the cell, 

‘ i | 
| Ca(OH), KC (saturated), HegCl+ Hg, 


H, | Ca silicate | 
produced no apparent change in the emf when the concentration of 
lime was such that the amount of silica remaining in solution after 
precipitation was very small. This fact indicates that the amount of 
free calcium hydroxide in solution is unchanged by precipitation of 
calcium silicate and that the molar ratio of combined lime to silica 
in solution after precipitation is the same as that in the initial solution. 
As the calcium silicate solutions at the higher lime concentrations are 
very unstable it was necessary to make the assumption that the emf 
reading obtained, even after precipitation, represented conditions in 
the initial clear solution. 

Table 5 gives data for solutions prepared at a concentration of 
0.5 ¢g CaO per | (UV, fig. 3). The molar ratio of combined CaO to 
SiO, (column 6) indicates that the values for emf (column 3) were 
produced by the cell, 


TaBLE 5.—Data used in determining the hydrolysis constant Kh, of the reaction: 
Ca3(HSiO,).+2H,O—2CaH,SiO, +-Ca(OH)> 


[Lime concentration =0.5000 g CaO per | in all solutions] 
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| Ca(OH), | 
H, | Cas(HSiO,). | KCl (saturated) HgCl+ Hg, 
' CaH,Si0, | 


sufficient calcium hydroxide being present to repress further hydrolysis 
of CaH,SiQ,. 
The calculation of Kn, for the mass action expression, 


- _ [H,Si0,"] [(OH™) 
Ku=—THS0e] any 


of the equilibrium, 
Ca;(HSiO,). + 2H,O—2CaH,SiO, + Ca(OH)., (3) 


was performed by the same method as that used in calculating Ka. 
Considering the experimental difficulties involved in obtaining data 
on calcium silicate solutions at the higher lime concentrations the 
values of Kn, (column 8) thus obtained are in satisfactory agreement. 
They support the assumption that the equilibrium is one between 
two salts of orthosilicic acid having the molar ratios CaO/SiO, of 3:2 
and 1:1, respectively. 
6. HYDROLYSIS OF Ca,SiO, 

A series of four solutions was prepared to investigate the hydrolysis 
of Ca,SiO, to the next lower calcium silicate, Ca;(HSiO,).. Table 6 
summarizes the data. Column 7 shows that the molar ratio of com- 
bined lime to silica is intermediate between 2:1 and 3:2 in agreement 
with the equation, 


2Ca,SiO, + 2H,O—Ca;(HSi0,). + Ca(OH), (4) 


Evidently the electromotive forces recorded in column 4 represent 
measurements upon the cell, 


| Ca(OH), 
H, | Ca,Si0, | KCI (saturated) | HgCl+ Hg. 
| Ca;(HSiO,). | 


Values of J,; are recorded in column 9 and the agreement for the four 
solutions indicates that equation 4 represents the equilibrium involved. 

Theoretically Kn, should have a higher value than Kn, but it is seen 
that the value obtained is somewhat lower. The accuracy of the 
method is, however, not sufficiently great to differentiate between 
these two constants and it can only be said that they are of the same 
order of magnitude. 


7. THE IONIZATION CONSTANTS OF ORTHOSILICIC ACID 


Orthosilicic acid is assumed to ionize in four stages represented by 
the following equations; 
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TaBLE 6.—Data used in determining the hydrolysis constant Ky, of the reaction: 
2Ca,.Si0O,+ 2H,0— settee aisisume ibichtedcia 
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n 
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HSi0O,=—H?t + 8i0.= (8) 
‘ To equation 5 corresponds the mass action expression, 
6 
e__ (EA (HSi0-7) 
t re [H,Si0,] 
; ° H,Si0,) [OH- 
But from the equation la, (H,Si0,-]=! —— ag i 
) hg 
and substitution of this quantity gives: 
- _[H*] (OH7]_ Ke 3 
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Lng Lng 
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e dl [HSi0-= ] “i 
Thus the four ionization constants of orthosilicic acid may be 
calculated from the hydrolysis constants of its salts and the ionization 
y constant of water. 
Using the value, K,=1.47X10-, for the ionization constant of 
water at 30 C # and the average values of the hydrolysis constants of 
2H. S. Harned, The Ionization Constant of Water and the Dissociation of Water in Potassium C a 
ee Electromotive Forces of Cells Without Liquid Junction, Jour. Am. Chem. Soc., vol. 
pp. 2194 19 
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the four calcium salts of orthosilicic acid: K,,=6.8*10~°, Ky.= 
6.0 107°, Ay,=1.5X 10, and K,,=1.2 107", the following values 
of the constants for the first, second, third, and fourth stages in the 
ionization of orthosilicic acid were obtained: K,,=2.2> < 107 » Ka.= 
2.0 107”, Koay = -1X10-", and K,,=1X10-". 

Harman ” measured the hydrolysis of sodium metasilicate in 
aqueous solution by electrometric determinations of hydroxy! ion 
concentration and obtained 1.6 X 107! and 5.1 107" for the primary 
and secondary ionization constants of silivie acid. By electrometric 
titration of sodium silicate solution with hydrochloric acid he ob- 
tained K,,=2.210-". Electrometric methods for determing the 
degree of hydrolysis of sodium silicates were applied by Bogue * 
who derived for Ka, the values 4.8 to 18.3 x 107" and for Ky, 5.2 to 
16.7X10-". Hagg*™ by a similar procedure estimated that A,, = 10-%, 
K,,= 107. 

Britton * prepared titration curves by neutralizing sodium silicate 
solutions with hydrochloric acid and concluded from their form that 
the mode of ionization of silicic acid cannot be expressed in terms of 
ionization constants. However, Joseph and Oakley * prepared a sim- 
ilar curve and asserted it to be typical of the combination of a strong 
base with a weak dibasic acid. From inflections of their curve they 
derived the values K,,;=107' and Ky.=107-". Treadwell and Wie- 
land *” also constructed titration curves and obtained Ka, = 107°", 
Ka =10-". 

Despite the absence of good agreement, the results of these investi- 
gators indicate that the primary and secondary ionization constants 
of silicic acid are of the magnitude, Ky,=107" and K,.=107", thus 
checking roughly the values obtained in this study. 

In figure 4 are titration curves prepared from electrometric meas- 
urements upon solutions having compositions on the lines MN, OP, 
QR, ST, and UV in figure 3. The curves of figure 4 show the change 
in emf as solutions of initial compositions lying on the line MN (fig. 3) 
are titrated with calcium hydroxide solution. The curve for calcium 
hydroxide solutions constructed from data in table 2 is also plotted in 
figure 4. A comparison of the emf of the cell containing calcium 
hydroxide at any definite concentration to that of the cell contaiming 
also calcium silicate in solution at the same total lime concentration 
illustrates graphically the marked effect of the dissolved silica in lower- 
ing the emf and pH. 


8. DISCUSSION OF RESULTS WITH REFERENCE TO SOLUBILITY 
RELATIONSHIPS IN THE SYSTEM Ca0O-SiO,.—H,O 


It has been shown in the preceding secticns that the constitution of 
solutions in the region of the curve CDE (fig. 1) is governed by the 
equilibrium, Ca(H,SiO,). +2H,O = 2H,Si0O,+ 2Ca(OH),. The value 


2 R. W. Harman, Aqueous Solutions of Sodium Silicates, VII, Jour. Phys. Chem., vol. 31, pp. 616-625, 





NPR. H. Bogue, The Hydrolysis of the Silicates of Sodium, Jour. Am. Chem. Soc., vol. 42, pp. 2575-2582, 
ary Higg, The Hydrolysis of the Sodium Silicates, Zs. anorg. allgem. Chem., vol. 155, pp. 21-41, 1926. 

» H. T. 8. Britton, Electrometric Study of the Precipitation of Silicates, Jour. Chem. Soc., pp.425-436, 
we A. F. Joseph and H. B. Oakley, The Action of Silica on Electrolytes, Jour. Chem. Soc., vol. 127, pp. 
vf WD. Treadwell and W Wieland, The Hydrates of Silicic Acid, Helv. Chim. Acta, vol. 13, pp. 842-864, 
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of the hydrolysis constant of this reaction was determined by setting 
up the proper relationship between total silica, total lime, and uncom- 
bined calcium hydroxide in the solutions studied. Using the value of 
this constant and the concentrations of total lime and silica in any 
solution for which the above equilibrium is valid, the hydroxyl ion 
concentration may be computed from the following easily derived 
equation: 








[OH-]=-1/2((SiO,]-2[CaO}+-Kns)+1/2-¥(SiO2]-2[CaO]+A.)?+8[CaO] King 


in which [SiO.] and [CaO] are molar concentrations of silica and lime, 
respectively, and A,,=6.810-°. The amount of lime combined as 
calcium disilicate may then be computed as well as the concentrations 
of silicate ion and silicic acid. Such calculations are presented in 
table 7 for compositions on the curve CDE and it is shown there that 
the concentration of H,SiO,- reaches a maximum value between D and 
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Ficure 4.—Electrometric titration curves showing the effect of adding calcium 
hydroxide to lime-silica solutions. 


E (fig. 1) while that ot H,SiO, has its maximum value to the left of D 
and thereafter decreases sharply. No calculations are presented for 
the concentrations of the various constituents at E or along the curve 
EF where an overlapping of two steps in the hydrolysis undoubtedly 
occurs. 


TaBLE 7.—Molar concentrations of OH-, H;SiO.-, and H,SiO, in solutions on curve 
CDE, figure 1, which are governed by the equilibrium: Ca(H3Si0,)2+2H,0= 
2H,Si0,+ Ca(OH), 
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| | 


























770 Bureau of Standards Journal of Research [Vol. 18 


It does not necessarily follow, of course, that the composition of 
the solid phases, whose solubility is represented by the curve CDE, 
is governed by the equilibrium, Ca(OH), +2H,Si0O,45Ca(H;Si0,), + 
2H,0, yet the available evidence indicates that such is the case, for it 
has already been pointed out (p. 756) on the basis of the molar ratios 
in the solid phases that the curve CD appears to represent the com- 
positions of solutions saturated with respect to hydrated silica and 
DE with respect to a calcium disilicate, CaO-2Si0,. Along EF 
where the equilibrium, Ca(OH), + Ca(H;Si0,).52CaH,Si0,+ 2H,0, 
is involved, the molar ratios indicate that the solid phase is a mono- 
calcium silicate, CaO-SiO,. To indicate their possible derivation 
from orthosilicic acid these compounds may be assigned the formulas, 
Ca(H,SiO,)2, and CaH,SiO,, respectively, each possessing an unknown 
degree of hydration. 

In a ternary system at constant temperature and pressure one solid 
phase in contact with solution makes the system univariant. This 
condition, although not experimentally realized along DE, should 
occur along the curves CD and EF and also DE at equilibrium. The 
lime concentration along these curves may be varied within certain 
limits, without changing the state of the system. At point D the 
system should be invariant with two solid phases, hydrated silica 
and hydrated Ca(H;SiO,)., present; likewise E should be a second 
invariant point where hydrated Ca(H,Si0O,). and hydrated CaH,Si0, 
are present. 

Beyond F the gradual increase in CaOQ/SiO, molar ratios of the 
solid phases cannot definitely be accounted for. It will be noted 
from figure 1 that when a concentration of approximately 0.7 g CaO 
per liter is reached the composition of the solid phase corresponds to 
a calcium silicate of the molar ratio 3CaQ:2Si0O,. Finally, as shown 
previously, the molar ratio approaches 2CaQ:1Si0, when the solid 
phase is in contact with saturated lime solution. This evidence, 
together with the fact that a well-defined crystalline dicalcium silicate 
hydrate has been prepared in this laboratory by reaction between 
lime, silica, and water at 150 C, appears sufficient to postulate 
the existence of a hydrated calcium silicate to which the formula 
Ca,SiO,nH,O may be assigned. 

That the compound, hydrated Ca(H,;Si0,)., may have solubilities 
lying on or to the right of an extension of DE was indicated by the 
great stability of solutions prepared in this region, which showed no 
precipitation even after several months. Such solutions would be 
supersaturated with reference to the solubility curve EF but would 
be stable in the absence of appreciable quantity of solid hydrated 
CaH,SiO,. An attempt was made to work out such a curve by 
analyzing solutions resulting after spontaneous precipitation from 
mixtures on the lines OP and QR, figure 3. The resultant composi- 
tions fell to the right of an extension of DE but could not well be 
represented by a curve. Apparently equilibrium is not readily 
attained by precipitation from the slightly supersaturated solutions. 
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IV. REACTION OF WATER ON THE ANHYDROUS CALCIUM 
SILICATES 


1. METHOD OF PROCEDURE 


Binary compounds of lime and silica are the chief constituents of 
portland cement and their reaction with water plays an important 
part in setting. The study described herein will deal with the 
mechanism of this reaction and with the relationship of the products 
to equilibrium conditions in the system CaO-SiO,-H,0. It will also 
attempt to show that the hydraulic properties of the anhydrous 
calcium silicates are intimately related to their capacity to form 
solutions supersaturated with respect to the hydrated calcium sili- 
cates. 

The following anhydrous compounds were prepared from chemi- 
cally pure calcium carbonate and silica by methods already described:* 


Monocalcium silicate — CaQ-Si0, 
Tricalcium disilicate — 3CaQ-2Si0, 
y—Dicalcium silicate — y—CaO-Si0, 
B—Dicalcium silicate — B-2CaO-Si0, 

Tricalcium silicate — 3CaO-SiO, 


Chemical analyses and petrographic examination of the products 
showed their lime-silica ratios to be correct and the purity to be that 
desired. Free lime, measured by the ammonium acetate titration 
method,” was present in the tricalcium silicate to the extent of 0.3 
percent, but was absent in the other preparations. The materials 
were ground and passed through a no. 200 sieve. 

The experiments described in this section are analogous to those 
reported in a study of the reaction of water on calcium aluminates.” 
The procedure followed was to shake the finely ground compounds 
with distilled CO,-free water for a definite period of time and to 
stop the reaction by rapidly filtering the solution from the residue. 
A proportion of 20 grams solid per liter of water was used throughout. 
Immediately after filtering samples of the clear filtrates were taken 
for chemical analysis of their lime and silica contents and the re- 
mainder set aside in well-stoppered flasks for further observation. 
In most cases the extent of combination between lime and silica in 
solution was also determined by the electrometric method already 
described. 


2. REACTION OF WATER ON MONOCALCIUM SILICATE (Ca0-SiO,) 


The compositions of solutions derived from monocalcium silicate 
are shown in figure 5 for increasing periods of contact of the solid with 
the solution. 

The guide lines marked 1CaQ:1SiO,, 2CaO:1Si0., and 3CaQ:1Si0, 
in this figure indicate the compositions of solutions which would con- 
tain lime and silica in these ratios. The displacement of the curve for 
solutions derived from monocalcium silicate to the right of the 
1CaO:1SiO, guide line shows that the solutions contain an amount of 

*% B.S. Technologic Papers Nos. 43 and 78. 
* W. Lerch and R. H. Bogue, Revised Procedure for the Determination of Uncombined Lime in Port- 


land Cement, Ind. & Eng. Chem., anal. ed., vol. 2, p. 296, 1930. 
® See footnote 6, p. 754. 
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lime slightly greater than that corresponding to the molar ratio of the 
anhydrous compound. 

The monocalcium silicate forms apparently stable solutions which 
may stand for months without appreciable change in composition, 
differing in this respect, as will be shown later, from the more basic 
anhydrous calcium silicates, all of which form metastable solutions 
capable of spontaneous precipitation. As the more basic compounds 
are hydraulic while monocalcium silicate is nonhydraulic,” it appears 
that the property of metastable solubility is closely connected with 
the capacity of calcium silicates to set and harden. 

However, figure 9, which indicates the relationship of solutions 
derived from the calcium silicates to equilibrium conditions in the 
system CaQ-Si0,-H,0, shows that solutions derived from anhydrous 
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Figure 5.—Showing the compositions of solutions derived from CaQ-SiOy, 
3CaO-28i0O., and y-2CaO-SiO, after increasing time of contact with water. 


monocalcium silicate lie in a region of supersaturation with respect to 
hydrated monocalcium silicate. But in the absence of this phase such 
solutions are relatively stable. When hydration of the anhydrous 
compound starts, or if solutions are placed in contact with solid 
hydrated monocalcium silicate, precipitation should occur until points 
on the lower solubility curve EF are reached. 

It was actually found that solutions which had remained in con- 
tact with solid anhydrous CaO-SiO, for periods of a month or more 
had compositions closer to the curve EF, indicating possibly that 
hydration of the anhydrous compound had begun. This behavior 
differs from that of the more basic lime silicates which contribute 
lime greatly in excess of the ratio 1CaOQ: 1Si0, to solution by continued 


31 A. A. Klein and A. J. Phillips, The Hydration of Portland Cement, B.S. Technologic Paper No. 43. 
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hydrolysis, eventually, in the case of the 3:1 and 2:1 calcium silicates, 
producing a solution saturated with calcium hydroxide if a sufficient 
quantity of the silicate were present originally. 

Electrometric measurements, which showed that the molar ratio 
of combined lime to silica in this region was approximately 0.5, indi- 
cated that Ca(H,SiO,). is the principal product of the hydrolysis of 
monocalcium silicate. Thus it appears that anhydrous monocalcium 
silicate cannot be said to have a true solubility but rather one that is 
incongruent. 


3. REACTION OF WATER ON TRICALCIUM DISILICATE (3Ca0:2SiO,) 


Tricalcium disilicate is only obtained by crystallization from a melt 
of the proper composition” and hence cannot be a constituent of 
portland cement. Its reaction with water, however, illustrates the 
development of the property of metastable solubility with increase 
in the basicity of the calcium silicates. 

Figures 5 and 9 show that the amount of dissolved silica derived 
from tricalcium disilicate first increases to a maximum with time of 
contact of the anhydrous solid with the solution, then drops off 
sharply with a subsequent gradual increase in the concentration of 
lime. Initially the reaction appears to involve mainly the formation 
of supersaturated solutions, followed by precipitation at a rate 
exceeding that of solution. Thereafter the lime concentration in 
solution increases through the momentary solution of the anhydrous 
compound. followed by precipitation of hydrated calcium silicate of 
lower lime-silica molar ratio. The final solid product of this reaction 
would be hydrated tricalcium disilicate. Electrometric measurements 
of the compositions shown in figure 5 derived from tricalcium disilicate 
showed that at these concentrations lime is combined with silica in 
molar ratios of 0.8 — 0.9, indicating that these solutions contain 
mixtures of CaH,SiO, and Ca(H,Si0,)o. 

It appears then that tricalcium disilicate differs from monocalcium 
silicate in its ability to form supersaturated solutions capable of 
spontaneous decomposition. This property, according to Le 
Chatelier,* is characteristic of hydraulic materials and thus these 
experiments indicate that the 3:2 calcium silicate should be feebly 
hydraulic. 


4. REACTION OF WATER ON GAMMA-DICALCIUM SILICATE 
(y-2CaO-SiO,) 


Dicalcium silicate occurs in cement predominantly in the unstable 
beta form.** The gamma modification is the stable form at ordinary 
temperatures and is known to be comparatively unreactive. Thus 
Newberry and Smith * found that y-2CaQ-SiO, was not appreciably 
hydrolyzed after long contact with water and only slightly hydrated. 
Klein and Phillips * likewise concluded that the compound is non- 
hydraulic. Lerch and Bogue,” however, showed that its reaction 


Ps a amie and F. E. Wright, The Ternary System CaO-Al,0;-SiO2, Am. Jour. Sci. Series 4, vol. 
9, p. 6, 1915. 

33 See footnote 3, p. 752. 

4 See footnote 2, p. 752. 

%§.B. Newberry and M. M. Smith, Studies on the Constitution of Hydraulic Cements, Cement & Eng 
News, vol. 13, p. 66, 1902. 

36 See footnote 31, p. 772. 

Bi W. Lerch and R. H. Bogue, Studies on the Hydrolysis of Compounds Which May Occur in Portland 
Cement, Jour. Phys. Chem., vol. 31, pp. 1627-1646, 1927, 
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with water, though slow, does not differ in type from that of 
B-2CaO-SiO, and 3CaO-SiO, and that it hydrolyzes even in saturated 
lime solution. 

Figure 5 shows that the reaction of y-2CaO-SiO, with water is very 
similar to that of 3CaQ-2SiO, but somewhat more rapid. Both form 
metastable solutions capable of spontaneous precipitation. The 
relationship of the compositions of solutions derived from this com- 
pound to equilibrium conditions is indicated in figure 9. Initially the 
y-2CaO-SiO, is hydrolyzed, giving solutions containing principally 
CaH,SiO, as indicated by electrometric measurements. As 
y-2CaO-SiO, can hydrolyze even in saturated lime solution, it is to 
be expected that the final product in equilibrium with the solution 
would be hydrated Ca,SiO, and hydrated Ca;(HSiO,). when the 
amount of lime in the silicate initially present is large compared with 
that required to saturate the solution. 

It thus appears that there has been an increase in hydraulic char- 
acteristics in passing from tricalcium disilicate to y—dicalcium silicate. 
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5. REACTION OF WATER ON BETA-DICALCIUM SILICATE 
(8-2CaO-SiO,) 


Experiments of Klein and Philllips* led them to believe that 
6-dicalcium silicate hydrates very slowly without the liberation of 
hme by hydrolysis. However, the conclusion is at variance with the 
results of other investigators * who found that this compound under- 
goes both hydrolysis and hydration, when placed in contact with 
water. According to Bates and Klein “ B-2CaQ-SiQ, sets slowly but 
after 28 days attains sufficient strength to be almost upon an equality 
with tricalcium silicate. 

The reaction of this compound with water is illustrated in figure 6. 
The rate of reaction is much greater than that of y-2CaQ-SiO, and 
the solutions formed were more highly supersaturated with respect to 
the hydrated products, as the comparison of their compositions with 
equilibrium conditions afforded by figure 9 indicates. Precipitation 
from the solutions containing the highest concentrations of silica 
started within a half hour. The course of precipitation from the 
unstable to the corresponding equilibrium states and the molar ratios 
of lime to silica in the precipitates are indicated in figure 6. The 
precipitates were similar in appearance to those formed by precipita- 
tion from mixtures having compositions represented by points on the 
line AB in figure 9. 

The molar ratios of combined lime to silica in solution given by 
electrometric measurements showed that the dicalcium silicate gives 
solutions containing CaH,SiQ, with increasing amounts of Ca;(HSi0,), 
being formed as the lime concentration increases. The final insoluble 
product of the reaction when a saturated lime solution had been 
formed should have a composition approaching the molar ratio 
2CaO:1SiO, of hydrated calcium orthosilicate, when the quantity of 
anhydrous silicate originally present is sufficiently large. On the 
other hand, with insufficient anhydrous calcium silicate initially 
present to form a saturated lime solution, the molar ratio of lime to 

38 See footnote 31, p. 772. 
39 Lerch and Bogue, see footnote 34; T. Thorvaldson and V. Vigfusson, Action of Water on Tricalcium 
Silicate and Beta-Dicalcium Silicate, Trans. Roy. Soc. Can. series 3, vol. 22, pp. 423-431, 1928. 


_ # P. H. Bates and A. A. Klein, Properties of the Calcium Silicates and Calcium Aluminate Occurring 
in Normal Portland Cement, B.S. Technologic Paper No. 78, 1917. 
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silica in the hydrated product would correspond to some other 
equilibrium relationship along the curve BFEDC of figure 9. 
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Fiaure 6.—Showing the compositions of solutions derived from B-2CaO-SiO, and 
3CaO-SiO, after increasing time of contact with water and with calcium sulphate 
solution. 


6. REACTION OF WATER UPON TRICALCIUM SILICATE (3Ca0O‘SiO,) 


Le Chatelier *' believed that the fundamental reaction in the hydra- 
tion of portland cement is one between tricalcium silicate and water 
as follows: 3CaQO-SiO,+ H,O—-CaO-SiO0,-2 1/2H,O+ Ca(OH)... New- 
berry and Smith “ found that tricalcium silicate, in the presence of 
excess water, gives a residue of approximately the composition 
3CaQ.2Si0, 31,0. Lerch and Bogue, and Thorvaldson and Vigfus- 
son have studied the rate of reaction * between tricalcium silicate 
and water by determination of the lime liberated to solution at pro- 
gressive time intervals. The two latter authors believed that hy- 
drated 3:2 calcium silicate and hydrated monocalcium silicate were 
possible products of the reaction with water of both tricalcium silicate 
and $—dicalcium silicate. 

Klein and Phillips “ reported that tricalcium silicate hydrates 
readil with the formation of hydrated silicate and lime, and Bates 
and Klein “ state that this compound has all the important properties 
of portland cement, especially those of ‘‘rate of setting” and strength 
developed. 





4! See footnote 3, p. 752. 43 See footnote 39, p. 774. 45 See footnote 40, p. 774. 
# See footnote 35, p. 773. 44 See footnote 31, p. 772. 
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The reaction of water with tricalcium silicate, illustrated in figure 6, 
is one of great rapidity, as might be expected i in the case of such a 
highly basic compound. As before, lines connecting points on the 
upper and lower curves indicate the course of precipitation from the 
metastable to the corresponding equilibrium states and the figures 
accompanying these lines are the molar ratios of lime to silica in the 
precipitates. These values are slightly higher than those obtained by 
precipitation from mixtures having initial compositions lying on the 
line AB in figure 9 but the latter are probably more accurate due to 
the greater difference between the initial and final compositions of 
the solutions which makes possible greater accuracy in calculating the 
compositions of the precipitates by difference. The precipitates 
which separated from the metastable solutions were similar to those 
previously obtained. 

Although a saturated lime solution resulted after 4% hours’ contact 
with the silicate, hydrolysis continued further and a supersaturated 
solution containing 1.226 g CaO per | and 0.0023 g SiO, per | was pro- 
duced after 8 hours. It is probable that supersaturation of calctum 
hydroxide as well as supersaturation of the silicates plays an important 
part in the setting of portland cement. This phenomenon of the 
formation of solutions supersaturated with respect to calcium hydrox- 
ide has previously been noted by Lerch and Bogue.* 

The reaction of tricalcium silicate is differentiated from that of the 
less basic calcium silicates by its much greater rate and the instability 
of the solutions formed as figure 9 indicates. The principal products 
of hydrolysis in the presence of saturated or supersaturated lime 
solution would be hydrated calcium orthosilicate, Ca,SiO.nH,O, and 
solid calcium hydroxide. Work in this laboratory has also shown 
that well-defined crystalline dicalcium silicate are formed by reaction 
between tricalcium silicate and water at 150 C and crystalline calcium 
hydroxide. 

Figure 7 compares the rate of liberation of lime to solution by the 
different calcium silicates and illustrates clearly the rapidity of the 
reaction in the case of tricalcium silicate and the tendency of this 
compound to form supersaturated lime solutions. The curve for the 
hydrolysis of beta-di-calcium silicate is interesting in that the lime 
soncentration in solution initially decreases with time of contact of 
the anhydrous solid. This is undoubtedly due to the precipitation 
of hydrated calcium silicate in this region removing more lime from 
solution than is being supplied by hydrolysis and solution of the 
anhydrous silicate. 

The curves for the less basic silicates show the much slower rate of 
reaction of these compounds. It is seen that the reactivity of the 
calcium silicates increases in the following order: CaO-SiQ., 3CaQO-- 
2Si0,, y-2CaO-SiO., B-2CaO-SiO,, and 3CaO-SiO,. 


7. REACTION OF WATER ON PORTLAND CEMENT 


The application of the foregoing methods to the reaction of water 
upon a commercial portland cement of the following composition was 


then investigated. 





See footnote 37, p. 773. 
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47 R. H. Bogue, Calculation of Compounds in Portland Cement, Ind. & Eng. Chem., anal. ed., vol. 1, p. 


192, 1929. 


S > nag 
&o © S 


S 
he! 


Lime in solution (g CaO per zt ) 


x-2Ca0: Si 


| S$ 9Ca0-2 Sf 


Ca0d- S10 


0 


0 2 3 ¢ 5 


Time (17 hours 


6 7 8 





9 


Figure 7.—Showing the relative rates of liberation of lime to solution by the 


anhydrous calcium silicates. 


This cement was chosen because of its high tricalcium silicate con- 


tent and freedom from alkalies. 


Proceeding as in the study of the calcium silicates, shaking 20 grams 
of cement with a liter of water, gave the results contained in table 8. 
Columns 2, 3, 4, and 5 of this table give the compositions of the so- 
lutions for increasing time of contact between the cement and water 
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(column 1). Column 9 of this table shows that the lime concentra- 
tion increased in 8 hours to give a solution highly supersaturated with 
respect to Ca(OH),. The sulphate of the cement was dissolved almost 
completely during the earlier periods but its concentration subse- 
quently decreased. The alumina concentration was low at all time 
periods. Finally, the solutions contained concentrations of silica in 
metastable condition comparable to those supplied by tricalcium and 
8-dicalcium silicate at corresponding lime concentrations. 


TABLE 8.—Compositions and pH of solutions derived from a portland cement 





| | | | 
| | | 

















1 | 2) Sid. BP Bid ® 8 | . J2-8 
biases. Molar 
Composition of solutions atte CaO | | enh —_ of 
ns : | | Emf of | corres- | ean combined 
Time of contact & Sete (AL Te ae cell |ponding pH . a CaO/Si0,; 
| | to emf | Abo in 
| CaO | SO3 | AlO3 | SiO, | “ee | solution 
| | | | P 
; gi | gift | gift | gfl v g/t g/l 
i RR ES Wa eek 0. 5168 | 0.3423 | 0.0064 | 0.0234 | 0.9440 | 0.2464 | 11.65 | 0.2729 1. 21 
3 min_.......----------.-| . 5236 | .3414 | .0050 | .0208) .9447 | .2544 | 11.66 . 2881 1. 38 
OS eR ES Bee.“ | .5586| .3509 | .0052| .0198] .9471| .2808| 11.70 . 3099 1, 57 
hn, ee ED SESE . 5634 | .3358 | .0022 | .0216 | .9483 | .2042] 11.72 . 3269 1. 62 
REE TERA "Brad | 3214 | .0020| .0202} .9502|) .3154] 11.75 . 3482 1.74 
1 hr__ 6284 | .3317| .0028 | .0154 | .9537] .3654| 11.81 EA ena 
| RS GREE ee, | .7624| .3095 | .0008 | .0102/ .9617| .5257| 11.94 6452 |....--.--. 
RAEN RYOTE: 1.6125 | .1538 | .0025 | .0020| .9850|........| 1233} 1.5085 |-----..... 














To determine the amount of lime combined with silica in these so- 
lutions it was assumed that the sulphate was present as calcium sul- 
phate and alumina as monocalcium aluminate.* The dissolved 
alumina is so low that even if it were not so combined in the presence 
of calcium sulphate the calculation would not be seriously in error. 
Electrometric measurements were made of the quantity of uncom- 
bined calcium hydroxide in these solutions. The lime in solution in 
excess of that required to form calcium sulphate and monocalcium 
aluminate and not present as free calcium hydroxide was calculated 
as combined with silica (column 10). The good agreement between 
these molar ratios of combined lime to silica and previous determina- 
tions at corresponding lime concentrations indicates that the par- 
ticular part of the reaction between portland cement and water 
involving anhydrous calcium silicates is not essentially different 
from the reactions of the individual constituents, 3CaO-SiO, and 
B-2CaO-SiO,, with water. The solutions derived from the cement 
were also metastable and gave hydrated precipitates similar to those 
obtained from other unstable lime-silica solutions. 

To determine whether or not the presence of calcium sulphate had 
any appreciable effect upon the rate of hydrolysis of B-2CaQ-Si0, 
and 3CaQ-SiO,, these compounds were shaken with a solution of ap- 
proximately the same calcium sulphate content as that formed during 
the earlier periods in the reaction between water and the portland 
cement. From figure 6, where lime in excess of calcium sulphate is 
plotted against silica in solution, it is seen that the calcium sulphate, 
at the concentration present, retards the reaction but little. 


# See footnote 6, p. 754. 
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The sulphate concentration of the original solution was practically 
unchanged after contact with the calcium silicate, differing in this 
respect from the reaction of water on the portland cement which 
contained both aluminates and silicates. Values were obtained for 
the molar ratios of combined lime to total silica in solution upon the 
assumption that the total lime less the sum of that present as free 
calcium hydroxide and combined as calcium sulphate represented lime 
combined with silica. The good agreement of the molar ratios with 
those previously obtained at corresponding lime concentrations and 
the fact that decomposition of these solutions, which were super- 
saturated in silica, did not appreciably alter the sulphate concentra- 
tion indicates the correctness of the assumption that calcium sulphate 
is present uncombined in solution. 

Insofar as the calcium silicates are concerned, therefore, the 
reaction of portland cement with water appears to involve the forma- 
tion of supersaturated solutions of calcium silicate and subsequently 
of calcium hydroxide and spontaneous precipitation from such solu- 
tions. The results indicate that hydrated calcium orthosilicate, 
Ca,SiO,-nH,O, together with solid calcium hydroxide are products of 
the reaction of portland cement with water under usual conditions, 
the hydrolysis of the former compound being reduced by the super- 
saturated solution of calcium hydroxide which is formed. Such a 
process, involving the formation of supersaturated solutions from the 
anhydrous compounds and the spontaneous precipitation of much less 
soluble products therefrom, is in agreement with the mechanism of 
hydraulic reactions first proposed by Le Chatelier.“° The subsequent 
setting and hardening may then occur through the withdrawal of 
water from the hydrated products according to the mechanism 
suggested by Michaelis.” 

If, in these experiments, the calcium silicates had been treated with 
a quantity of water similar to that used in the technical cement mix 
it is believed that the resultant products would not be essentially 
altered since only a relatively small quantity of the anhydrous cal- 
cium silicate is required to form the solution supersaturated with 
respect to calcium hydroxide with which the final hydrated silicate 
may exist in equilibrium. It may be definitely concluded from the 
results of this investigation that the calcium silicates occurring in 
cement are not hydrolyzed completely to silicic acid and calcium 
hydroxide in the presence of a relatively small quantity of water, as 
has sometimes been stated. Such extensive hydrolysis can occur 
only when the lime concentration bas been reduced to a few hun- 
dredths of a gram of CaO per liter, a condition not likely to occur in 
the setting of portland cement. Instead, hydrated calcium orthosili- 
cate and calcium hydroxide appear to be the most probable products 
of the reaction under usual conditions. 

The influence of alkalies, which are nearly always present in cement, 
and of sulphate in higher concentrations than those studied in this 
paper as well as the nature of products, other than hydrated calcium 
silicate and calcium hydroxide, which may be formed during the 
— of portland cement with water, are not considered in this 
study. 





# See footnote 3, p. 752. 58 See footnote 7, p. 757. 
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V. REACTIONS OF DIATOMACEOUS SILICA AND OF SILICA 
GEL WITH LIME SOLUTION 
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A reactive naturally occurring form of silica is diatomaceous silica. 

The pozzolanic properties of this material are apparently due to its 
capacity to fix lime in chemical combination in the presence of water 
giving hydrated calcium silicate which is capable of setting and 
hardening. The reaction is essentially the reverse of that which 
occurs between the anhydrous calcium silicates and water but the 
composition of the final products should also be governed by the 
equilibrium relationships in the system CaOQ-SiO,-H,0 as shown in 
figure 9. It was decided to include some phases of an investigation of 
the reaction between diatomaceous silica and lime solution in this 
study, which chronologically had been completed before the present 
investigation was started. 

The only report of the previous study was that briefly described in 
B.S. Technical News Bulletins nos. 141 and 142 (January and 
February 1929, respectively). It is believed that some of the un- 
published results are now clarified by the present information on the 
system CaQO-Si0,-H,0. 

The method was similar in principle to that developed at the Build- 
ing Research Station of Great Britain * for evaluating the pozzolanic 
activity of a material in that it involved the measurement of the rate 
of change in concentration of calcium hydroxide in solutions in contact 
with the pozzolana. The present procedure was to place weighed 
quantities (1.0 g) of the diatomaceous silicas and measured volumes 
(250 ml) of saturated lime solution (1.15 g CaO per 1) in flasks which 
were then stoppered tightly and shaken at frequent intervals. After 
definite periods of time the solutions were filtered from the solid 
residues and their lime concentrations determined by titration with 
standard hydrochloric acid. Fifteen commercial diatomaceous silicas 
and 3 other forms of finely divided silica were studied, 8 initial mix- 
tures of each being made up and allowed to stand for various lengths 
of time. 

It was found that the reaction of all the diatomaceous silicas was 
very similar: First a rapid decrease in lime content of solutions 
occurred, followed by a more gradual reduction in the lime concen- 
tration until a rather definite final value of 0.07—0.09 g CaO per liter 
was reached. This limiting concentration was apparently not greatly 
altered by 4 years’ contact between the solid phase and solution. 

The other forms of silica included a microcrystalline mineral silica, 
an amorphous silica, and ground quartz (100 percent through a no. 
200 sieve). These reduced the lime concentration of the solution after 
4 years to 0.3880, 0.4630, and 0.6750 g CaO per liter, respectively. 

To determine whether the decrease in lime concentration was 
attended by a simultaneous increase in the concentration of silica in 
solution, the series illustrated in figure 8, curve A, was prepared. 
This series consisted of 11 mixtures of a diatomaceous silica and lime 
solution which were allowed to stand for various lengths of time, 
filtered, and analyzed for both lime and silica. The rate of removal 
of lime from solution by this diatomaceous silica is typical of the group 


8 A. D. Cowper and F. L. Brady, Pozzolanas, Building Research Bulletin No. 2 (Great Britain); Reports 
of the Building Research Board (of Great Britain) for the years 1926 to 1928, inclusive. 
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studied. Inspection of the figure shows that with the lime concentra- 
tion reduced to approximately 0.1 g CaO per liter a very sharp increase 
in silica concentration occurred. Subseque ntly the lime concentration 
did not decrease greatly. The point corresponding to the highest 
silica concentration represents a solution obtained after 4 years’ 
contact with the diatomaceous earth. 

Estimations were also made of the extent of combination of lime 
and silica in the residue by analyzing the portion soluble in 10 percent 
HCl at various stages of the reac tion. 1t was found that the molar 

ratios of lime to silica in the soluble portion were approximately the 
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FicurE 8.—Showing the compositions of solutions resuiling afier increasing time 
of contact between (A) a diatomaceous silica and lime solution, and (B) silica gel 
and lime solution. 


same as those shown in figure 9 at corresponding lime concentrations. 
Thus it appears that initially small amounts of the more basic calcium 
silicates are formed but as the lime concentration decreases the molar 
ratio of combined lime to silica in the solid phase also decreases. As 
the reaction proceeds, more and more lime is taken up in chemical 
combination by the silica until the solid phase approaches equilibrium 
with the solution. 

Curve B, figure 8, compares the reaction of the silica gel used in 
this study with that of the diatomaceous silica. The same proportion 
of silica to lime solution of corresponding initial concentration was 
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200 sieve). These reduced the lime concentration of the solution after 
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To determine whether the decrease in lime concentration was 
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This series consisted of 11 mixtures of a diatomaceous silica and lime 
solution which were allowed to stand for various lengths of time, 
filtered, and analyzed for both lime and silica. The rate of removal 
of lime from solution by this diatomaceous silica is typical of the group 


81 A. D. Cowper and F. L. Brady, Pozzolanas, Building Research Bulletin No. 2 (Great Britain); Reports 
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studied. Inspection of the figure shows that with the lime concentra- 
tion reduced to approximately 0.1 g CaO per liter a very sharp increase 
in silica concentration occurred. Subsequently the lime concentration 
did not decrease greatly. , The point corresponding to the highest 
silica concentration represents a solution obtained after 4 years’ 
contact with the diatomaceous earth. 

Estimations were also made of the extent of combination of lime 
and silica in the residue by analyzing the portion soluble in 10 percent 
HCl at various stages of the reaction. It was found that the molar 
ratios of lime to silica in the soluble portion were approximately the 
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FicurE 8.—Showing the compositions of solutions resulting after increasing time 
of contact between (A) a diatomaceous silica and lime solution, and (B) silica gel 
and lime solution. 


same as those shown in figure 9 at corresponding lime concentrations. 
Thus it appears that initially small amounts of the more basic caletum 
silicates are formed but as the lime concentration decreases the molar 
ratio of combined lime to silica in the solid phase also decreases. As 
the reaction proceeds, more and more lime is taken up in chemical 
combination by the silica until the solid phase approaches equilibrium 
with the solution. 

Curve B, figure 8, compares the reaction of the silica gel used in 
this study with that of the diatomaceous silica. The same proportion 
of silica to lime solution of corresponding initial concentration was 
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used in these experiments. It is seen that the silica gel is by far the 
more active, giving solutions containing appreciably higher concen- 
trations of silica in much shorter periods of time. In the region of 
the equilibrium curve DE, figure 9, the rate of solution is strongly 
inhibited and the maximum solubility of silica, corresponding to point 
D was not attained. However, it is of interest that the compositions 
of the solutions follow the curve DE as the concentration of silica 
increases. 

The lesser reactivity of the diatomaceous silica may be due to the 
presence of impurities and a coarser structure than that of the silica 
gel. 
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VI. SUMMARY 


The study herein described has sought information relative to the 
possible existence of definite hydrated compounds in the system 
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Ficure 9.—Comparison of solution and solid phase relationships in the system 
CaO-SiO,-H,0 with compositions of solutions resulting after increasing periods 
of contact between the anhydrous calcium silicates and water. 


CaO-SiO,-H,O0 and their possible relationship to products formed 
by the reaction of water upon anhydrous calcium silicates. It did 
not include determinations of the extent of hydration of such com- 
pounds but attempted only to show that they are salts formed by the 
neutralization of a definite silicic acid by calcium hydroxide. 

The sequence of procedure in this investigation was the following: 

(1) The solubility relationships of lime and silica in solutions of 
increasing concentrations of lime up to saturation were investigated 
as well as the compositions of solid phases which could exist in 
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equilibrium with such solutions. These solid phases were amorphous 
or microcrystalline and could not be identified by petrographic 
methods. 

(2) Electrometric measurements of the extent of combination of 
lime and silica in solution permitted the CaO/SiO, molar ratios found 
therein to be assigned to definite calcium silicates derived from 
orthosilicie acid and having the following formulas: Ca(H,SiO,)2, 
CaH,SiO,, Ca;(HSiO,)., and Ca,SiO,. It proved to be possible to 
express the hk: drolytic equilibria of these compounds in terms of the 
law of mass action and hydrolysis constants were calculated from 
the data for the four successive stages in the hydrolysis of calcium 
orthosilicate, Ca,SiO,. From these values, knowing the ionization 
constant of water at 30 C, the four ionization constants of orthosilicic 
acid were calculated to be the following: K,,=2.2 x 10-”, K,,= 
2.0 X 10-”, K,,=1 X 10-”, K,,=1 X 10-”. 

(3) A correlation of the results obtained under (1) and (2) above, 
indicated that the solid phases in this system may be hydrated calcium 
salts of orthosilicic acid. Their solubilities are represented graphically 
and the application of the phase rule to the diagram is considered. 

(4) The reaction between water and the anhydrous calcium sili- 
cates was then investigated. It was demonstrated that the solutions 
of compounds having the lime-silica molar ratios, 3:2, 2:1, and 3:1 
are metastable and precipitate hydrated calcium silicate on standing. 
These results further support the postulate of Le Chatelier that the 
formation of supersaturated solutions is a characteristic phenomenon 
in the reactions of hydraulic materials with water. Metastable solu- 
bility curves of these compounds were constructed (fig. 9) to show 
their relationship to equilibrium conditions. Monocalcium silicate 
differs from the more basic calcium silicates in that it forms stable 
solutions and hence is nonhydraulic. 

Similar methods were then applied to a study of the reaction 
of water upon a portland cement. It was found that probable 
solid products of this reaction are hydrated calcium orthosilicate, 
Ca,SiO,nH,O, and calcium hydroxide. The presence of calcium 
sulphate in the concentration used appears to have a practically 
negligible effect upon the rate of reaction between water and the 
calcium silicates. 

(5) An investigation was also made of the reaction between diato- 
maceous silica and lime solution, and between silica gel and lime solu- 
tion, which are in some respects the reverse of the reaction of water 
upon anhydrous calcium silicates. 


WasuinctTon, March 22, 1934. 
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PREECE TEST (COPPER-SULPHATE DIP) FOR ZINC 
COATINGS 


E. C. Groesbeck and H. H. Walkup 


ABSTRACT 


The Preece test is in common use for inspection purposes to determine the 
uniformity of galvanized coatings, even though the results are sometimes erratic. 
An experimental study made with wires with different types of zinc coating and 
with wires consisting of commercially pure zine and iron indicates that the pH 
value of the copper sulphate solution, the rate of solution of the zine coating, and 
the cleanness of the test specimens are important factors in the Preece test. The 
use of cupric hydroxide instead of cupric oxide for neutralizing the copper sulphate 
solution is recommended, since a stable pH is much more quickly reached by its 
use. Electroplated and sprayed zinc coatings dissolve more rapidly in the copper 
sulphate solution than do hot-dipped or galvannealed coatings. Pure zine 
coatings showed, during their solution, a “potential minimum”’ (with respect to 
a copper wire) which was practically absent with coatings that contain iron, 
such as on galvannealed wires and the inner layer of hot-dipped galvanized wires. 
This minimum may be caused by the delayed coagulation of basic zine compounds 
which coagulation may be accelerated by the presence of iron. The causes and 
remedies of premature and delayed endpoints are explained. A method for 
measuring the thickness-distribution of the zinc coating by the use of a suitably 
acidified copper sulphate solution is suggested. 
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I. INTRODUCTION 


Zine coatings find wide use for protecting iron and steel against 
corrosion, because zinc is more readily corroded than iron when they 
form a “couple” or electrolytic cell in the presence of a conducting 
liquid. In such a cell the zinc is the anode or dissolving electrode. 
Since this method of protection depends upon the protective value of 
the gradual corrosion of the zine the protective value of the zine 
coating depends primarily on its thickness at the thinnest spot. 

The total weight or average thickness of a zine coating is determined 
by some sort of a stripping method. A common stripping method 
consists in the removal of the coating by hydrochloric acid containing 
antimony chloride. If a determination of the distribution of the 
coating and its minimum thickness is desired, use may be made of 
a solution that will dissolve the zinc coating at a uniform rate and will 
reveal the base metal (iron) as soon as it is exposed. A copper 
sulphate solution of definite concentration is widely used commercially 
for this purpose in the procedure known as the “Preece test” (1). 
Although this test is useful, experience has shown that the results 
are not always reproducible and consistent, (2), (3), (4), (5), espe- 
cially when different types of zinc coatings are tested. 

The experiments reported in this paper were made to determine 
relationships rather than to secure absolute data. This policy was 
prompted by a desire to establish the cause and possible remedies for 
the observed difficulties rather than the degree of error produced by 
any one variable. 

II. PREECE TEST 


1. REGULAR PROCEDURE 


The Preece test is applied by dipping the zinc-coated article, which 
has previously been cleaned from grease or other foreign material, 
into a “‘neutral”’ solution of copper sulphate of a specified concentra- 
tion (1.27 mole). This concentration is usually defined by its specific 
gravity (1.186 at 18 C), and the solution is maintained at a tempera- 
ture of 18 C during the test.(6) The sample is immersed in the solution 
for 1 minute, removed, washed in running water, and freed from the 
loosely precipitated copper by light rubbing. The 1-minute immer- 
sions and cleanings are repeated until an endpoint is obtained in the 
form of a bright adherent deposit of copper. This indicates that the 
iron has been exposed there. The number of immersions (dips) 
reported for each sample is one less than that required for the appear- 
ance of adherent copper. 

The use of this test in specifications rests on three assumptions: 
(a) The zine coating dissolves at a uniform rate; (b) adherent copper 
is deposited as soon as the underlying iron is exposed; and (c) no 
adherent copper appears until the zine coating is entirely removed at 
that point. Under such. conditions the ability to withstand a speci- 
fied number of immersions is evidence that the zinc coating possesses 
a certain minimum thickness. 


! Figures in parentheses here and throughout the text refer to the numbers used in the list of references 
at the end of this publication. 
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2. DIFFICULTIES ENCOUNTERED 


Practically, these criteria are approximately met by pure zinc 
coatings, such as those produced by plating, and fairly well by hot- 
dipped galvanized coatings. However, with coatings produced by 
‘“oalvannealing”’ ? or by sherardizing * the results are less consistent 
and are not always proportional to the thickness of the coatings. 
Such discrepancies may be the result of (a) differences in the rate of 
solution of the zine coatings, (b) the formation of adherent copper 
before the zine coating is all dissolved at that point—that is, a pre- 
mature endpoint, or (c) the absence of adherent copper on iron that is 
exposed—that is, a delayed endpoint. 





3. PRINCIPLE OF THE METHOD 


At first glance, it may appear that the method depends merely on 
the displacement of copper by zinc, according to the reaction. 


f1] Zn + CuSOQ,=Cu+ ZnSO, 


This reaction, however, does not account for the deposition of adher- 
ent copper on the exposed iron rather than on the undissolved zine. 

It is much more probable that the reaction is electrolytic—that is, 
solution of zine occurs at one point comprising an anode, with the 
deposition of copper at another point serving as a cathode. The cell 
may then be written: 


[2] Zn (anode) | CuSO, | Cu (cathode) 
or [3] Zn | Cutt | Cu 


This formula represents the system before any reaction occurs. 
However, after any finite period some zinc is in the solution adjacent 
to the zine surface, and the cell is then represented by 


[4] Zn | ZnSO, | CuSO, | Cu 
or [5] Zn | Zn*t+ | Cutt | Cu 


In any case, the chemical reaction is 
[6] Zn + Cutt =Znt*+Cu 


To produce an electrolytic action, there must be a difference in 
potential between the two points which become, respectively, anode 
and cathode. This difference may arise from various causes and 
differences in the composition or temperature of the adjacent solu- 
tion. According to this theory, a homogeneous piece of pure zinc 
will not react with a homogeneous solution of copper sulphate (just 
as very pure zinc dissolves very slowly in pure sulphuric acid). 

The fact that a portion of a zinc specimen or of the zine coating 
on steel does replace copper from a copper sulphate solution at once 
upon immersion is evidence that small areas of the zinc have slightly 
more positive single potentials than other areas, which latter serve 
as sedhaalies upon which the copper is deposited by the dissolving of 
the adjacent anodic areas. As soon as any copper is deposited, 
however, it serves as a cathode to the adjacent zinc, and the latter 








ia fn = saad process, in which the article (usually wire) is first coated with zinc by hot-dipping and is 
1en heated. 
§ A zine cementation process, in which the article is coated by heating in contact with powdered zinc. 
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dissolves with an accompanying precipitation of copper on the already 
deposited copper. This copper is nonadherent, since the surrounding 
and underlying zinc is continually dissolving. When a zine coating 
on iron is completely dissolved at any point and the underlying iron 
is thereby exposed, the latter serves as a cathode to the surrounding 
zinc. An adherent deposit of copper is produced and constitutes 
the true endpoint. It should be noted that the production of ad- 
herent copper on the iron requires the presence of zinc adjacent to it. 
If a clean piece of iron is dipped into a neutral copper sulphate solu- 
tion, the deposited copper is not very adherent, though usually more 
so than is copper deposited directly on zinc. 


III. EXPERIMENTS 
1. MATERIALS USED 


Although committee A-5 of the American Society for Testing 
Materials expressed the opinion that the Preece test is unreliable and 
should be abandoned as a basis of specifications for galvanized sheet 
and plate, it admitted that this test is a quick and simple method for 
inspecting galvanized wire, for which it gives comparable results if 
properly applied (4). Since galvanized wire and wire products are 
important, wires with various types of zine coatings were used in 
this study. 

Wires coated with zinc by the hot-dip galvanizing, galvannealing, 
and electroplating (electrogalvanizing) processes were obtained from 
certain manufacturers. Two lots of hot-dipped galvanized wire 
from different sources (designated as c and k) were used. The 
electroplated wires were plated in a highly acid bath at a high- 
current density (about 750 amperes per square foot) with insoluble 
anodes. Wires were coated with zinc by metal spraying in the 
laboratory. As sherardizing is not commercially applied to wire, 
this type of coating was not included. Soft steel and commercially 
pure iron and zinc in wire form were used in the study of the effects 
of certain factors. The history of the iron, steel, and zine wires is 
not known. The test specimens were generally about 3 inches (7.5 
em) long and \ inch (3 mm) in diameter. 

The term ‘Preece solution” used throughout the text refers to a 
copper sulphate solution of the concentration specified by the Ameri- 
can Society for Testing Materials (6) regardless of its other charac- 
teristics, such as pH. 


2. FACTORS THAT MAY AFFECT THE RESULTS 


With the above theory as a basis, an effort was made to predict 
and to test the major effects of variations in operating conditions 
upon the time of formation, physical properties, and adherence on 
steel of the precipitated copper. 


(a) RATE OF SOLUTION OF THE ZINC COATING 


The use of the Preece test is generally based upon the assumption 
that the rate of solution of the zinc in various galvanized materials 
is practically the same. But this rate of solution depends upon 
1, the composition of the copper sulphate solution; 2, its tempera- 
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ture; 3, the stirring; and 4, the composition and structure of the zinc 
coating, including any surface films that may be present initially or 
that formed during the reaction. 


(1) COMPOSITION OF COPPER SULPHATE SOLUTION 


The solution generally employed has a specific gravity of 1.186 
at 18 C (6), which corresponds to a concentration of 1.27 mole or 
315 g/l of CuSO,-5H,O. Although this concentration is artibrary, 
it is not very critical, and hence no exhaustive tests were made on 
the effect of concentration on the rate of solution of the zinc. In 
general, an increase in copper content accelerates the solution of the 
zinc, and vice versa. The practical significance of this effect is that 
only a limited amount of a zine coating should be tested in a given 
volume of copper sulphate solution, because the precipitation of 
copper reduces the concentration of copper sulphate. 
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Figure 1.—Change in pH value of the Preece solution with different neutralizing 
agents on standing. 


The neutralizing agents were added to portions of an unneutralized Preece test solution and the pH value 
was determined at intervals, 


The neutral solution specified in the test is generally obtained by 
treating the solution of the salt with an excess of cupric oxide at room 
temperature. Small variations in acidity are most conveniently ex- 
pressed in terms of hydrogen-ion concentration or pH. A neutral 
solution of copper sulphate is ‘‘acid’’ because of hydrolysis—that is, 
it has a pH less than 7, the neutral point of water. No published 
data could be found on the exact pH of copper sulphate solutions of 
about the concentration used in this work. However, the results of 
numerous measurements made with a quinhydrone electrode show 
that the equilibrium pH is about 3.3, which defines a truly neutral 
solution of copper sulphate. 

The addition of finely divided cupric oxide to a copper sulphate 
solution with a pH of about 2.7 was found to raise the pH to nearly 
4 in a short time (fig. 1). The pH then decreased to 3.3 on long 
standing (6 weeks) and an insoluble substance, believed to contain 
basic cupric sulphates (7), (8), was precipitated. It is evident that 
the final pH is the result of en equilibrium of sulphuric acid with 
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cupric hydroxide or basic cupric sulphate and not with cupric oxide, 
It is surprising that cupric oxide, which is not easily soluble, would 
have ‘‘over-neutralized”’ the solution. The use of basic cupric car- 
bonate in place of cupric oxide gave similar results. On the other 
hand, cupric hydroxide very rapidly produced a pH value of about 
3.3, which remained constant for a long period (fig. 1). The use of 
either powdered copper hydroxide or basic copper carbonate has been 
previously recommended for neutralizing purposes. (9) 

Since, as will be shown, the pH of the solution affects the results, 
it is important to reach the desired pH quickly and to maintain it 
during the test. The substitution of cupric hydroxide for cupric oxide 
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Figure 2.—Effect of pH on the rate of solution of a galvannealed coating. 


In each experiment the coated wire was subjected to the Preece solution at about 20 C for successive 
periods of 30, 60, or 90 seconds, respectively, until a true endpoint was obtained. The pH of the solu- 
tion was varied by suitable additions of HxSO4. The specimens were cleaned with tap water and a dry 
towel after each immersion, 


in neutralizing the solution appears very desirable. As noted above, 
pH values greater than 3.3 may be obtained with cupric oxide or 
carbonate, but such solutions are unstable. For experimental pur- 
poses, sulphuric acid may be added to produce pH values below 3.3, 
which can conveniently be measured with a quinhydrone electrode. 
The rate of solution of the zinc was generally accelerated (fig. 2), by 
increasing the acidity (decreasing the pH) of the solution. 


(2) TEMPERATURE 


The rate of solution was found to increase, as expected, with the 
temperature (fig. 3). The reproducibility of these data does not 
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warrant the computation of exact temperature coefficients, but they 
show that the rate of solution is doubled by an increase of about 15 C. 
This indicates that to obtain an accuracy of about 10 percent in the 
Preece test it is necessary to keep the temperature constant (for 
example, at 18 C) within 2°. 


(3) STIRRING 


Moving the specimen, or agitating the solution, has the same effect 
as increasing the concentration of copper sulphate or of sulphuric 
acid, because stirring replenishes these compounds close to the metal 
surface. As it is impracticable to define a rate of agitation, especially 
for different shapes, it is desirable to avoid any agitation. 
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FicurE 3.—Effect of temperature of solution on average loss in weight for each 
immersion for different kinds of zine coatings. 


(4) COATING TESTED 


Preparation.—Obviously, any metal coating should be chemically 
clean when tested for its thickness or behavior. It is also obvious 
that the method of cleaning should be such that it does not remove 
any significant amount of the coating. Grease is best removed by an 
organic solvent, such as benzene, since alkaline solutions may attack 
the zinc. As it is not practicable to remove any oxide or carbonate 
films with acid, mechanical cleaning must be used. The data in 
table 1 indicate the greater rate of solution of zinc from a surlace 
cleaned with fine emery paper (for example, aluminum oxide paper no. 
400). The average amount of zinc removed by the emery paper was 
0.04 oz/ft? with a maximum of 0.07 oz/ft?. These losses represent not 

55048—34—9 
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more than 7 percent error in samples with coatings of 1.0 oz/ft? of the 
surface, but the error for thinner coatings would be correspondingly 
larger. It is thus evident that cleaning with even a fine abrasive, 
such as emery, must be done with great care. 
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TABLE 1.—Effect of the initial cleaning method on the loss in weight during the 
jirst immersion 


[The solution was prepared by dissolving 36 g CuSO,-5H:20 to 100 m] H20, and adding a slight excess of 


Cu(OH):. _It was then shaken, let stand for 30 minutes and filtered. The temperature of the solution 
was approximately 20 C, and the immersion periods were 60 seconds] 














Loss in weight during first 
immersion 
Cleaning method | a) 
Electro- | Hot- | Galvan- 
plated dipped nealed 
wire | wire (k) wire 
—— ee AE Cre | Eee 
| | 
Oz/f? | O2z/fe | O2/ft 
NE CI is ics on tickiniuidinmanvedaubdanoesnahehed 0. 155 | 0. 137 | 0. 128 
ee EE St I neti nndindactennkuiinnthnse ern swans - 199 | . 165 . 152 


* See sec. III, 1. 


Composition and structure —The various types of zinc coating used 
in this study vary in both composition and structure. Electro- 
plated coatings consist of practically pure zinc (except when mercury 
is used in zine cyanide baths, in which case the deposit may contain 
up to 1 percent of mercury). The outer surface of hot-dipped coatings 
consists of nearly pure zinc, while the portion next to the steel is 
composed of a zinc-iron alloy. A galvannealed coating consists 
throughout of zinc-iron alloys. 

As zinc has a greater solution pressure than iron, it is reasonable to 
assume that zinc will dissolve more rapidly than a zinc-iron alloy. 
This is confirmed by the data in table 2, which shows that the rate of 
solution of the coating and the number of immersions corresponding 
to a given weight or thickness of zine are not uniform. Hence, the 
results for different types of coating are not directly comparable. 
They may be correlated in either of two ways: 1, by specifying a differ- 
ent number of immersions for a given thickness of each type of coat- 
ing, or 2, by changing the immersion period so that the number will 
be the same for a given thickness. For example, if the period for 
electroplated coatings were retained at 60 seconds, the other periods 
would have to be approximately 55 seconds for zinc-sprayed, 80 sec- 
onds for hot-dipped, and 120 seconds for galvannealed. These 
figures are, however, not applicable in a practical way, because the 
weight of coating dissolved is not exactly proportional to the time. 
It is much simpler to use 60-second immersions and to specify the 
number of immersions that correspond approximately to any desired 
thickness of a given type of coating. 

The initial increase in the solution rate reported for the hot-dipped 
specimens, followed by a decrease (table 2), is in agreement with 
Bablik’s observation (5) that the solution rate for hot-dipped 
galvanized sheets increases at first and then decreases with continued 
immersions. 
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TABLE 2.—Loss in weight of commercially pure zinc wire and of different types of 
zine coating on iron wires for successive immerstions in the Preece solution 





l | 
|Average weight! 
Immersion | Loss in | of coating, by | 
number weight | stripping | 
(HC1—SbCI;) | 
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+ The weight of coating was determined by the difference in weight of the specimens before and after 
the metal-spraying process. Solution temperature and immersion periods as in table 1. 











b. PREMATURE ENDPOINTS 
(1) PLASTIC FILMS 


Data on the rate of solution of zine coatings are of practical value 
only if the endpoint can be reliably detected. The appearance of 
adherent copper on pure zinc coatings is usually definite and repro- 
ducible, but adherent copper sometimes appears on hot-dipped or 
galvannealed coatings before the coating has entirely dissolved under- 
neath the copper deposit. 

During cleaning, particles of precipitated copper may adhere to a 
zinc surface by being squeezed into recesses in a rough surface or into 
a plastic film, which may be formed during the reaction. The former 
result is unusual, but may occur if the pH value is very low (acidic), 
in which case the zine is more violently attacked and consequently 
may be roughened. The occurrence of this latter result is favored by 
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conditions which permit the formation of basic precipitates on the 
zinc surface. The most obvious cause is too high a pH value of the 
solution. Under such conditions there will be a tendency for the 
precipitation of basic compounds from easily hydrolyzable salts. At 
the cathode of an electrolytic cell, the pH value tends to increase 
whenever hydrogen is evolved, a reaction that may occur when zinc 
is immersed in a copper sulphate solution which necessarily contains 
hydrogen ions. The hydrogen-ion concentration will also be reduced 
if any “dissolved oxygen is electrolytically reduced on a cathodic area. 

oxact data are not available to permit the predication of the pH value 
at which basic compounds of copper, zinc, and iron may form in 
these solutions, especially as the respective concentrations of these 
metals are always changing. 

If the copper sulphate i is originally 1.27 mole, a complete reaction of 
this solution with the zinc coating should produce a zinc sulphate 
solution of the same molar concentration. Actually, some copper 
sulphate is always present in the solution adjacent to the zinc surface 
as a result of diffusion and convection. Furthermore, ferrous sulphate 
may be present in the portion of the solution next to the metal surface 
if the coating contains iron. The oxidation of the ferrous sulphate 
to the ferric condition would probably be prevented by the presence 
of zinc, although it may occur at a short distance from the metal 
surface. Therefore, the solution next to the metal contains, shortly 
after the immersion of the zinc-coated specimen, hydrogen, cupric, 
zinc, ferrous, and possibly ferric, ions. If, now, some of the hydrogen 
ions are removed, hydroxides (or basic salts) of copper, zinc or iron 
may be precipitated along with the metallic copper, and may cause 
the latter to adhere to the surface, even though no steel is exposed. 
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(2) POTENTIAL MEASUREMENTS 


An effort was made to follow the course of the reaction when a zinc- 
coated specimen is immersed in a copper sulphate solution by making 
simple potential measurements in a cell consisting of (a) zine or zinc- 
coated iron wire, (b) copper sulphate solution, and (c) copper wire. 
The total cell voltage was measured at intervals by means of a high 
resistance voltmeter. 

When a zine wire or a pure zinc coating (curve A, fig. 4) is immersed 
in the copper sulphate solution, there is a rapid decrease in potential 
to a sharp minimum, followed by a relatively slight rise, after which 
the potential decreases ctadaalty: A potential-minimum was not 
observed in the case of galvannealed coatings. 

There is no completely satisfactory explanation of a curve such as 
A. The potential measured is that of a primary cell such as the 
following: 

Anode 
| ZnSO, CuSO, Copper 
0 to 1.27 mol 1.27 to 0 mol 
As this cell is discharged, the concentration of zinc sulphate increases 
and that of copper sulphate decreases. Both of these changes cause 
a rapid decrease in cell potential, which is represented by the first, 
i.e., descending, portion of the curve. 


Cathode 
Zine (or zine coating) -_-_- 
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If now the pH of the solution adjacent to cathodic areas increases, 
as explained above, there is a tendency for the formation of hydroxides 
or basic salts. At first these may be in colloidal solution and require 
a finite time for coagulation. If the latter occurs it would slow up the 
reaction, retard the precipitation of copper, and permit the original 
concentrations to be restored by diffusion or convection. 

The absence of a potential minimum, when iron is present, may 
be an evidence that the iron compounds favor coagulation and thus 
prevent the ‘‘supersaturation” with basic compounds. 

This explanation is consistent with curve B, which shows that the 
rate of reaction, i.e., the change in potential is at first rapid and then 
| changes at a nearly uniform slower rate. 
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Figure 4.—Change in potential with time of immersion for zinc wire and for 
galvannealed wire. 
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The curves are representative of data obtained by using different galvanized and zinc wire specimens 
as the anode and various CuSQ, solutions as the electrolyte in the cell, specimen | solution | copper wire, 
with the electrodes placed about 2cm apart. A 25,000 ohm voltmeter, provided with a0 to 2.5 volt scale, 
and a stopwatch were used. 


Lew we 


A somewhat similar curve was obtained by Kreuchen (10) for the 
potential of a single zinc crystal in normal zine sulphate solution. He 
reported that polycrystalline zinc showed a slightly higher potential 
without any such minimum and attributed the difference to the varia- 
5 tion in solution pressure of zinc from a single complete crystal plane 
and from a broken surface. Such an explanation does not apply to 
the zinc coatings, which certainly are polycrystalline. 

The effects of various factors upon the position of the potential 
minimum were next investigated. The time required to reach the 
minimum potential increased as the acidity of the copper sulphate 
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solution, which was at about 20 C, was increased (pH was decreased— 
fig. 5). If, as explained above, the occurrence of the minimum po- 
tential is related to the coagulation of hydroxides or basic salts in the 
copper sulphate solution, a decrease in the pH of the solution would 
increase the time needed for this coagulation to take place. 

Figure 6 shows the effect of the temperature of the copper sulphate 
solution on the time required to reach the potential minimum. A 
satisfactory reason for the marked increase in the time, at 40 to 60 C, 
for zinc, and at lower temperature ranges for hot-dipped and galvan- 
nealed coatings, cannot be given, although the shifting of the peak in 
the curves to the left is apparently related to the iron content of the 
coating. That the presence of iron in the coating retards or prevents 
the occurrence of a potential minimum was confirmed by the results 
obtained (fig. 7) for a hot-dipped galvanized coating, the successive 
layers of which (starting from the outside) contain increasing propor- 
tions of iron. The results for galvannealed wire (curve B, fig. 4) are 
also in agreement with this conclusion. 
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pH OF CuSQ, SOLUTION 


Effect of pH of solution on the time required to reach the minimum 
potential (b, fig. 4), when using zinc wire specimens. 





Ficure 5. 


If then the basic films form more rapidly on the pure zinc than on 
the zinc-iron alloy, it is reasonable to suppose that the films formed on 
the latter would be more adherent and hence be more likely to retain 
copper particles after the cleaning operation. 

That plastic material may be formed on the surface of the coatings, 
especially of zinc-iron alloys, was shown by numerous observations, 
summarized (a, b, c), as follows, in which the specimens were washed 
in running tap water and wiped dry with a towel after immersion in 
copper sulphate solution. 

(a) A pure zine wire acquired a dull color after a short immersion 
and a gray color after a period corresponding approximately to the 
minimum, b, in figure 4. A longer immersion produced a bright 
metallic luster, and little or no plastic material could be detected on 
the surface. 
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(b) A plastic film was left on hot-dipped galvanized wires, the 
amount of which increased with the greater iron content of the lower 
layers of the coating. 

(c) Plastic material was found on the surface of the galvannealed 
wires. 

No potentital minimum was observed when a zine wire was im- 
mersed in a copper sulphate solution containing potassium dichromate, 
but the surface was coated with a black film. Immersion for a long 
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Fiaure 6.—Effect of temperature of the CuSQOy, solution on the time required to 
reach the ‘‘ potential minimum”’ (b, fig. 4). 
A Preece solution of pH 3 was used. 


period produced a plastic residue, which contained a white gelatinous 
material (presumably basic zine sulphate), metallic copper, and a black 
substance (probably containing copper oxide). The dichromate is an 
oxidizing agent that is readily reduced by zinc, and hence the pH of 
the solution was raised to a point where basic compounds were pre- 
cipitated, as predicted above. It was found that by immersing 
galvannealed wires in a copper sulphate solution with a pH between 1 
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and 2 for periods of 120 seconds or more the tendency for the produc- 
tion of premature endpoints was decreased. 


(3) OXYGEN CONCENTRATION CELLS 


It was predicted that copper may deposit adherently on zine sur- 
faces if there is sufficient difference of potential to make certain areas 
cathodic. Such a condition may arise if a portion of the zinc surface 
is either (a) protected by a film that reduces its solution pressure, or 
(b) exposed to a copper sulphate solution having a higher oxygen 
content than that in contact with another portion of the surface. It 
was found that the first cause can be eliminated by carefully cleaning 
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Figure 7.—Effect produced by the iron content of the exposed surface of hot-dipped 
zinc coatings on the potential-time relation. 


Specimens of hot-dipped galvanized wire were immersed in a CuSO, solution for different periods of 
time and were cleaned by rubbing witha pencil eraser until a bright surface was obtained. They were then 
immersed in a Preece solution of pH 3.2 which was at 10 C for securing the data given. 


the specimen before the first immersion and by rubbing it rather 
firmly between immersions, for example, with a soft pencil eraser. 

The effect of an oxygen concentration cell is noticeable near the 
‘“‘water line” of the Preece solution, and it may be accentuated by 
rotating the partially immersed specimen eccentrically, whereby 
localized aeration is produced. If this effect is combined with local 
surface contamination, copper readily deposits on the uncleaned part 
of the surface. Agitation of the specimen in the Preece test should, 
therefore, be avoided. 

If, for any reason, the zinc dissolves more rapidly at one point than 
at another, for example, at the water line or near previously exposed 
steel or abraded areas, copper will deposit on the steel there sooner 
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than at other points. Strictly speaking, this latter effect is not a 
premature endpoint, but is a true criterion of a defective coating. 
Such defects, if incidental to the preparation or testing of the speci- 
mens, should, of course, be disregarded. 


(c) DELAYED ENDPOINTS 
(1) ADHERENCE OF COPPER 


Effects of time and pH.—Hf, for any reason, copper does not adhere 
to steel that is exposed in the test the result will be misleading. Be- 
cause of the difficulty of measuring or expressing the degree of ad- 

| herence, the following empirical procedure was employed. A copper 
coating was considered adherent to the steel when it could not be 
removed by vigorous rubbing with dry cotton or by flaking with the 
finger nail. Tests were made to determine the length of time speci- 
mens could be exposed to the copper sulphate solution before the 
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pH OF CuSO, SOLUTION 


Ficgure 8.—Effect of the pH value of the CuSO, solution on the ‘‘adherence time”’ 
of the copper deposited on tron and steel. 


copper deposit became detached from the iron or steel, which had 
been initially exposed by filing off a portion of the coating. 

In the experiments reported in figure 8, several specimens of the 
same material were immersed for different periods, each specimen 
being used only once. The curves present the observed relations 
rather than the specific data. The specimens were cleaned by first 
rubbing with aluminum oxide paper no. 400 and then by immersing 
in a 10 percent H,SO, solution for 5 to 10 seconds, followed by washing 
in water and wiping dry with a cotton swab. Immediately after 
drying, they were immersed in the CuSO, solution at 20 C. The 
degree of adherence subsequent to the immersion in CuSO, solution 
was approximately defined by the above rubbing and flaking tests. 
In all cases the adherence of the copper decreased as the pH was 
mereased (fig. 8), though it was adherent for approximately 1 
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minute when the pH was 3.3, the recommended value. On the other 
hand, the copper deposited on uncoated iron or steel wire was prac- 
tically nonadherent if the pH was much above 1. (This agrees with 
the general use of an acidified copper sulphate solution to produce 
copper films on steel by immersion.) 

It is of interest to note here that a ‘‘contrast in color” method is 
made use of in a Navy Department specification (11), in which a 
bright adherent copper deposit on steel is prepared each day of test 
as a standard color sample for comparison with the color of the copper 
deposits formed on galvanized wires in the Preece test. 

Effects of composition and temperature.—Other tests showed that 
the adherence of the copper on the galvanized wires was decreased by 
very small concentrations of chloride or nitrate in the copper sulphate 
solution. The adherence was increased by cooling the solution, for 
example, from 30 to 5 C. <A decrease in concentration of copper 
sulphate also increased the adherence of the copper. The latter two 
effects are the results of decreasing the rate of reaction and hence, 
the rate at which the copper is deposited. 

Miscellaneous observations showed that the copper was not as 
adherent on a perfectly clean steel surface as on a slightly tarnished 
one. Evidently the clean steel was itself attacked by the solution. 
When the immersions were continued beyond the usual endpoint, 
the copper that was at first adherent on zinc-plated specimens became 
nonadherent, while that on the galvannealed specimens remained 
adherent. Adherent copper did not always form in the first immer- 
sion on the steel bared by filing an electroplated wire, but did in sub- 
sequent immersions. If the zinc coating is very uniform so that the 
entire coating is dissolved in a given immersion (especially the first 
one), copper does not readily deposit on the steel, even in the succeed- 
ing immersion. 

Use of bare steel as endpoint.—In view of the uncertainty as to 
whether or not copper will at once deposit on exposed steel, the ap- 
pearance of bared steel may sometimes serve as an endpoint, which 
is usually observed one immersion before the copper would normally 
deposit. Since the appearance of steel is not so evident as that of 
adherent copper, it is advisable to give the specimen another immer- 
sion to see whether or not the previously exposed steel is coated with 
adherent copper. In effect, this practice would not differ from the 
usual procedure, except that the appearance of steel would serve as a 
warning that the endpoint would probably occur on the next 


Immersion. 
(d) DISTRIBUTION OF THICKNESS 


While the Preece test is commonly used merely to detect areas 
having a minimum thickness, it may be modified so as to give an 
approximate idea of the thickness distribution. This is accomplished 
by noting the relative areas coated with copper in immersions succeed- 
ing the endpoint. The neutral copper sulphate solution (pH-3.3) is 
not satisfactory for this purpose, since exposure to succeeding im- 
mersions causes the previously adherent copper to become detached. 
If, however, sufficient sulphuric acid is added to lower the pH to 
about 0.6, for example, 3 ml of concentrated H,SO, to 100 ml of 
neutral CuSO,, the copper deposit remains adherent throughout the 
successive immersions. The results (table 3) show that in these tests 
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the plated and galvannealed coatings were more uniform than the 
hot-dipped or sprayed ones. 


TABLE 3.—Proportion of area covered with adherent copper after successive immer- 
sions for 30-second periods 








Surface covered with deposited copper in immersion periods 
subsequent to the first appearance of bared steel 
Type of coating 
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@ See sec. 3, 1. 


Solution: 3 ml of concentrated H2SO,4 were added to 100 ml of a solution that was prepared in the same 
way as for table 1; temperature of the solution, 18 C; concentration, 1.27 mol-CuS0,4.5H20; and pH, 0.65, 


IV. CONCLUSIONS 


1. If a copper sulphate solution (1.27 mole) is neutralized with 
cupric oxide, a pH of 4.0 may be rapidly obtained. On long standing 
the pH decreases to about 3.3, and a basic precipitate forms. <A 
similar result is secured by neutralizing with basic cupric carbonate. 
Treatment with cupric hydroxide produces inside of 24 hours a solu- 
tion with a pH of 3.3, which is permanent and probably represents 
the true equilibrium pH. The use of cupric hydroxide as a neutral- 
izing agent is recommended. 

2. The specimens to be tested should be thoroughly cleaned before 
and between immersions (dips), as otherwise adherent copper may 
form on portions of the zine surface that are not entirely clean. 
Grease that is initially present may be removed with an organic 
solvent, while corrosion products should be carefully removed with a 
very mild abrasive. 

3. The rate of solution of zine coatings in copper sulphate solution 
is increased by raising the concentration of (a) copper sulphate or 
(b) free acid. Stirring also increases the rate of solution of the coat- 
ing, and therefore should be avoided in the test. Adherent copper 
may form on zine coatings if the wire specimens are rotated eccen- 
trically, which probably produces oxygen concentration cells. 

4, Electroplated and sprayed zinc coatings dissolve more rapidly 
than hot-dipped or galvannealed coatings. For a given thickness of 
coating, a greater number of 60-second immersions, or else longer 
immersions must, therefore, be specified for the latter two coatings. 

5. The potential of zinc, or of a pure zinc coating, in a copper sul- 
phate solution decreases rapidly for about one minute to a potential- 
minimum, then increases slightly, and finally gradually decreases. No 
such potential minimum is observed with galvannealed coatings or 
with the iron-rich layer of hot-dipped coatings. The minimum may 
be caused by the delayed coagulation of basic zine compounds. The 
presence of iron may accelerate this coagulation to form a more dense 
film, that prevents such a minimum. The position of the potential 
minimum is affected by the pH and temperature of the copper 
sulphate solution. 
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6. Premature endpoints, that is, adherence of copper before the 
underlying steel is exposed, may be caused by the formation of plastic 
material on the metal surface during the test. This is more likely to 
occur with zine coatings containing iron, such as galvannealed coat- 
ings or the inner layer of hot-dipped coatings. Its effect can be 
eliminated by a thorough rubbing of the dried specimen between 
immersions with a soft abrasive, for example, a pencil eraser. 

7. Delayed endpoints may result from the failure of copper to de- 
posit immediately on steel that is exposed. In such cases the appear- 
ance of the bare steel may serve as an approximate endpoint, which 
may usually be confirmed by the deposition of copper in the succeed- 
ing immersion. 

8. The adherence of copper to the bare steel may be improved by 
lowering the pH, though it is usually adherent for at least 1 minute 


when the pH is 3.3. 

9. By using a more acid solution, for example, pH =0.6, successive 
immersions after the first appearance of adherent copper may be used 
to study the thickness distribution of the coating. 
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IODINE NUMBER OF WOOL: A METHOD FOR DETERMIN- 
ING THE ACTION OF VARIOUS CHEMICAL REAGENTS 
ON WOOL AND OTHER PROTEINS 


By Milton Harris, Harvey A. Neville, and William C. Fritz ! 


ABSTRACT 


The purpose of this research was to find a method for determining the action of 
various chemical reagents upon wool. The iodine number provides a qualitative 
measure of the extent to which the amino groups are affected by various treat- 
ments of the protein. 

Amino acids and proteins exhibit iodine numbers as determined by the stand- 
ard method. The iodine numbers of such substances do not indicate ordinary 
unsaturation but are shown to be related to the free amino nitrogen content. 

The iodine numbers of some typical proteins are reported and a general corre- 
spondence between the iodine numbers and the isoelectric points of the proteins 
is shown. 

Conversion of amino groups to hydroxyl groups, combination of amino groups 
with strong acids, and other chemical reactions which affect the amino groups 
reduce the iodine numbers of amino acids (with the exception of cysteine) to zero. 

Part of the iodine number of wool is shown to be due to cysteine which is very 
susceptible to oxidation. The iodine number of wool is therefore affected by 
reactions of chemical reagents with the amino or the cysteine groups. 

This method will distinguish, for example, between reversibly adsorbed and 
chemically combined acid. The latter can be removed by the action of an alkali 
and this restores the original iodine number of the wool. 
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I. INTRODUCTION 


The term ‘iodine number’”’ is ordinarily associated with oils and 
fats for which it serves as a measure of chemical unsaturation. It 
represents the number of centigrams of iodine which combine with 
1 gram of material. 





! The experimental part of this research was done by William C. Fritz, Eavenson and Levering, Research 
Fellow at Lehigh University. (The work was directed by Harvey A. Neville, Associate Professor of Chem- 
istry at Lehigh University, and Milton Harris, Research Associate at the Bureau of Standards from the 
American Association of Textile Chemists and Colorists. The latter’s contribution to this study forms a 
part of the study of wool being undertaken by the Association on a grant from the Textile Foundation. 
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The aliphatic amino acids are saturated compounds, but they 
nevertheless exhibit definite and reproducible iodine numbers which 
may be determined by the same methods as those used for fats and 
oils. The experimental evidence indicates that the iodine reacts 
only with the free amino groups in these compounds, unless, like 
cysteine, for example, they contain readily oxidizable groups which 
also react. 

The iodine numbers of proteins may be determined by the same 
method used for oils and a part, at least, of the iodine number of 
each protein may be attributed to the free amino groups. This pro- 
vides a useful means of determining the extent to which these 
eroups are affected by various treatments of the protein. 

This paper is a report of a brief survey on the use of this method 
for studying the action of various chemical reagents upon wool. 
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II. METHODS 





The iodine numbers reported here were obtained by a slight modifi- 
cation of the standard Wijs method (1),? using a solution of iodine 
monochloride in glacial acetic acid, which was 0.1 normal with respect 
to total halogen. Samples of the amino acids or their derivatives 
weighing about 0.1 gram and of the proteins weighing about 0.5 gram 
were used for each determination. 

The wool fibers were prepared by cutting them into very short 
lengths. The iodine number of the cut fibers was identical with that 
obtained from powdered wool. All samples were conditioned at a 
relative humidity of 65 percent (70 F). Conditioned and dried 
samples gave the same iodine number calculated on the basis of the 
wool protein. 

The determinations of iodine numbers were carried out as follows: 
A weighed sample was placed in a flask and 25 ml of glacial acetic 
acid was added. Twenty-five ml of Wijs solution was added and the 
mixture was allowed to stand, with occasional shaking, for one half 
hour at 25 C. At the end of this time, 50 ml of water and 20 ml of a 
15 percent solution of potassium iodide were added. Sodium thiosul- 
fate solution was then added in an amount equal to that required 
by a blank determination. After the solution had stood for one half 
hour, 10 ml of a 1 percent starch solution was added and the excess 
of thiosulfate was titrated with a standard iodine solution. This 
modification, namely, the addition of excess thiosulfate and reverse 
titration with iodine, was used in all of the determinations of iodine 
numbers. By this procedure all of the iodine was removed from the 
wool fibers and the wool appeared as white as the original sample. 

Analyses of wool samples which had been used for iodine number 
determinations showed that no chlorine or iodine remained in com- 
bination with the wool after the thiosulfate treatment. This indi- 
cates that the halogen which combined with the wool in the Wijs 
solution was removed by the aqueous solutions in some combined 
form and not as free iodine, since it did not react with its equivalent 
of thiosulfate. 


2 Figures in parentheses here and throughout the text refer to the references given at the end of this paper, 
page 809. 
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III. RESULTS AND DISCUSSION 
1. AMINO ACIDS AND DERIVATIVES 


The iodine numbers of a few amino acids and derivatives deter- 
mined by the above method are recorded in table 1. 


TABLE 1.—Iodine numbers of a few amino acids and derivatives 








. ; Todine 

Compounds number 
Canal = a a aii is bis Wace obi chen ccwesus TM gnc Oe oa Saket + ean eRe | 15.5 
Glycollic acid - CH;OHCOOH.__- Sede eAN Nant GR A RR AORN 0 
Glycine hydrochloride - CH2NH2C EE SERRE SEA Da SO a RO | 0 
Leucine - CH3(C BaeC HNH:2COOH.-.- MOREE Art pep es he TE RAS ape 20. 6 
Agstemmnds ~- Cla UONTG.. .....-.....- 25. 22ciec.-...-e Tee et Bt cst bccca sre dhandias waa | 0 
Sen REP, 9 Oe ppt atm knecasenaninanceaucoecnen Cash 0 
CNR a Pe aka ada an esc uesceckansahaeenyvearenenen SS ee ae 0 
Cysteine hydrochloride - CHsaSHCHNH2COOH.HC ‘Ge ea SEIS ARE SILL IES 89 
Hippuric acid - ee TS TEEPE TCT: aan 2 CORT TEC ea 0 








A simple amino acid such as glycine gives an iodine number while 
the corresponding hydroxy acid does not react with iodine and gives 
no iodine number. Further evidence that the iodine reacts only 
with the free amino group is offered by the fact that acid salts of the 
amino acids, such as the hydrochloride, likewise give no iodine number. 
However , the reaction of halogen with the simple amino acids is by 
no meé :ns complete under the “conditions of these experiments since 
the theoretical iodine numbers of glycine and leucine, assuming ¢ 
stoichiometric reaction, would be 338 and 194, respectively. It is 
obvious that the study of other factors such as pH values and molecu- 
lar concentrations are necessary, if this method is to be made strictly 
quantitative. As the molecular weight of the amino acid increases, 
the reaction with iodine becomes more nearly complete and, as will 
be shown it is approximately stoichiometric for some of the proteins. 

The hydrochloride of cysteine should give a zero iodine number if 
the reactions were limited to free amino groups. However, this 
particular amino acid contains the easily oxidizable -SH group which 
reacts with iodine to produce cysteine. "The theoretical iodine number 
of cysteine hydrochloride corresponding to the reaction 2 R.CH.SH + 
l, =R. CH.S-SCH,.R+2 HI is 83. The value given in table 1 
is in fairly good agreement in view of the difficulties attending the 
use of this reaction for the quantitative estimation of cysteine as 
reported by Lucas and King (2). 

Since acetamide, hippuric acid, and similar amides give no iodine 
numbers, it may be concluded that the amide nitrogen does not con- 
tribute to the iodine number of a protein. 

Reaction of iodine with the amino group may involve either an 
addition or an oxidation reaction. It may be assumed by analogy 
that the addition of iodine (or chlorine) from the Wijs solution occurs 
at the amino group in a manner similar to the addition of hydrochloric 
acid. The mode of combination of acids with amino groups has 
recently been discussed by Phillips (3), who represents the chlorine 
or other anion as bound to the molecule through an atom of hydrogen 
having four electrons in its shell. A similar structure may be used 
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to represent the combination of the amino group with two halogen 
atoms instead of with hydrochloric acid. 

Since the Wijs solution is also an oxidizing agent, it is possible that 
the amino group has been at least partially oxidized during the iodine 
number determination (4). 








2. PROTEINS 











In table 2 are recorded the iodine numbers of some proteins. While 
it is not desired to place any emphasis upon iodine numbers as a means 
of comparing different proteins, a general relationship is evident. 






TABLE 2.—Jodine numbers and isoelectric points of a few proteins 
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Fibroin which has a low content of free amino nitrogen and an isoelec- 
tric point at a relatively high acidity, has a low iodine number. On 
the basis of isoelectric points and the accepted values for free amino 
nitrogen, wool keratin should be next in order with an iodine number 
: ‘ss than that of gelatin. The apparent inconsistency in table 2 is 

eadily explained by the fact that keratin is the only protein with an 
apprec iable sulphur content, a portion of which is present as cysteine, 
which, as we have shown, reacts readily with iodine. Therefore, only 
a portion of the iodine number of wool is due to the amino nitrogen 
content of keratin. Zein and gliadin exhibit high iodine numbers 
and are reported to have isoelectric points at relatively high pH 

values. 

The experimentally determined iodine numbers of silk, wool, and 
gelatin are in fair agreement with the calculated values assuming 
stoichiometric reaction with the amino groups. These values are 
compared in table 3. Zein (8) is reported to contain no free amino 
nitrogen and gliadin to contain only 1.9 mgs of amino nitrogen per 
cram of protein. For these the calculated iodine numbers are much 
lower than the experimental ones. 





TasLe 3.—Comparison of the experimental iodine number with calculated iodine 
numbers assuming stoichiometric reaction with the amino groups 
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e These are corrected values, obtained ‘a subtracting that portion of the iodine number due to reaction 
with the cysteine group from the iodine number of untreated wool. Reference to table 4 shows that the 
action of nitrous acid or formaldehyde upon wool lowers the iodine number 8.3 to 9.4 units. Since these 
reagents may be presumed to react with the free amino groups but not with the cysteine sulphur, the portion 
of the iodine number of wool due to amino nitrogen appears to be of this order. 
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TaBLE 4.—IJodine numbers of raw wool and wool treated with various chemical 
reagents 





Experi- 


ment no. 


| 
| 
rt , } 
Treatment | no, 
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Raw wool - scoured with solvents and rinsed..................--..--.-_.--.--------- } 
Overscoured — 1 percent soda ash, 70 C____....._..---___----_-.-_.-- 
Formaldehyde, 1 percent solution..__.............--_.------- = Sip st Oe OT ees Se 
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Acid H202, 1 percent solution in N H2SQ4_-_--_--- mee oe eT eee se eee ae 
Treatment 5, followed by Na2COs3 solution. _____- ‘Ghet, S SRe eke a 
Ammoniacal H202, 1 percent solution --..._......_.-._----_---- 
Alkaline H2O:, 1 percent solution (0.5 percent NazC Os) __- 

Acid solution of KMn0O,, 1 percent, 8 hours--_-.--------.----------- eats. 
OE EF: OSS ee ei en, ee | 
Solution HN Oz, 0.1 percent, 0 C___.__._.______-- A ae ite op LAER | 
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3. WOOL 


Samples of raw wool were treated with various chemical reagents 
and their iodine numbers were determined, with the results shown in 
table 4. A comparison of the iodine numbers in experiments 1 and 
2 demonstrates that overscouring the wool, for example, by increasing 
the temperature and the concentration of alkali to such an extent that 
the wool is damaged in appearance and harshened, does not affect 
either the content of cysteine sulphur or of amino nitrogen. 

In the neutral solution (experiment 4) hydrogen peroxide does 
not affect the iodine number. In the acid solution (experiment 6) 
peroxide has the same effect as that produced by the acid alone un- 
der the same conditions (experiment 5) and this effect is entirely re- 
moved by neutralization (experiment 7). In contrast, the alkaline 
peroxide solutions (experiments 8 and 9) lower the iodine number to 
a marked degree. These results indicate that in neutral and acid 
solutions hydrogen peroxide oxidizes neither the cysteine sulphur 
nor the amino groups in wool, while in alkaline solutions, hydrogen 
peroxide apparently attacks both groups to a limited extent. 

A stronger oxidizing agent, potassium permanganate (experiment 
10) lowers the iodine number to a greater degree than any other 
reagent used, but the wool is severely damaged by this treatment. 

A solution of nitrous acid would be expected to lower the iodine 
number of wool by converting amino groups to hydroxyl groups. 
Nitrous acid may also oxidize the cysteine sulphur in wool. The 
iodine numbers in experiments 11 and 12 in table 3 were obtained 
after 3 hours’ treatment with 0.1 percent solutions of nitrous acid. 
Higher concentrations or longer treatments do not produce appreci- 
ably lower iodine numbers, but cause an increased yellowing of the 
wool, especially at temperatures above 0 C. 

While acid lowers the iodine number, as already pointed out, if it is 
removed by an alkaline treatment the iodine number returns to the 
original value. This complete neutralization or removal of combined 
acid is accomplished only by soaking the acid-treated wool for a 
considerable time in an excess of the alkaline solution. Merely 
titrating rapidly to the phenolphthalein and point does not remove 
all of the combined acid. The evidence that a definite amount of acid 
combines chemically with wool and cannot be removed by mere 
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rinsing with water is illustrated in figure 1. Here it is shown that 
prolonged rinsing alone removes only a portion of the acid, while all the 
acid remaining on the wool may be readily removed by neutralization, 
after which the iodine number of the evel haa to its original value, 
Since it has been shown that the iodine number bears an inverse 
relationship to the amount of acid on the wool, the minimum difference 
between the curves may be taken as a measure of the chemically 
combined acid in the unneutralized wool. 

It is well known that strong alkalis, even in very dilute solution, 
have an injurious action upon wool and that somewhat more concen- 
trated solutions will destroy the wool fibers, dissolving or dispersing 
and hydrolyzing the keratin. Figure 2 illustrates the effects upon 
the iodine number and upon the amino nitrogen content of wool 
resulting from the action of 0.5 normal sodium hydroxide solution at 





Bureau of Standards Journal of Research [Vol. 12 














18 
16 
NEUTRALIZED AND RINSED om : 
14 oO — — “NI 
“ad iG 
R 
10 RINSED IN RUNNING WATER a 
a add VT ™ 
o 
nw 
é 
6 
4 
2 
fr) 
0 1 2 3 2k 








TIME CF RINSING IN HOURS 


Ficure 1.—The effects of (a) rinsing, and (b) neutralizing plus rinsing of wool 
previously soaked in normal sulphuric acid, as shown by the iodine numbers. 


38 C. Separate one-gram samples of wool were treated with 100 ml 
of 0.5 normal sodium hydroxide solution for each test. At the time 
intervals indicated two samples were neutralized with acetic acid. 
One was evaporated to dryness at 60 C under reduced pressure and 
the iodine number of the residue was determined. The amino nitrogen 
content of the other sample was determined by the Van Slyke method. 
Although the wool fibers appear to be dissolved in the sodium hydrox- 
ide solution at the end of 2 hours, the results of the Van Slyke analysis 
show that only partial hydrolysis of the wool has been accomplished 
even at the end of 36 hours. The iodine number rises rapidly during 
the first hour and becomes constant after 8 hours. The results show 
that the determination of the iodine number is not a measure of the 
hydrolytic breakdown of wool. 
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The examples and suggestions given above show the applicability 
of the method for a number of purposes. Further study may increase 
the accuracy and utility of the method. 
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Figure 2.—The effects upon the iodine number and free amino nitrogen content of 
wool produced by continued action of 0.5 normal sodium hydroxide solution at 
88 C 
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ABSTRACT 


Representative papers used by commercial publishers of books for the blind 
were studied, and the relationship between quality of the raised dots forming 
the characters for reading by touch and paper characteristics was determined. 
The strength of the raised dots was found to be closely related to the tensile 
properties of the paper. The density of the paper is very important, because of 
its relation to the reading quality of the dots. Requirements of paper suitable 
for high-quality Braille publications are recommended. 
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I. INTRODUCTION 


Braille papers were studied for the purpose of assisting the Library 
of Congress in the purchase of books for the blind. At the time 
the study was initiated, many types of papers were in use by Braille 
printers and current publications did not all have the quality of 
printing desired for Library of Congress publications. Since no 
accurate information on the relation of paper properties to quality 
of printing was available, the establishment of a quality standard 
required considerable study of the wide variety of papers in use, and 
correlation of paper characteristics with quality of printing. Books 
for the blind require paper with certain properties not essential in the 

case of papers for ink printing. In addition to sufficient strength 
to resist wear incidental to handling, this paper must permit the 
embossing of raised dots that are strong enough to resist deformation 
under the readers’ fingers, and free from surface cracks or other 
harshness that might be irritating to the sensitive touch of the blind 
readers. 
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II. DESCRIPTION OF BRAILLE PROCESS PRINTING 


Braille process printing is a system of printing for the blind in 
which points or dots, raised above the surface of the paper, form 
characters which are read by touch. The processes of printing books 
and magazines for the blind in commercial Braille presses are generally 
classified under the two headings, wet printing and dry printing. 

Dry printing, as the name implies, is done on the dry paper, 
and the resulting dots are generally considered unsuitable for books 
of permanent value. The use of this process is generally confined to 
magazines of a temporary nature. Since this class of publications 
is not purchased by the Library of Congress, papers for dry printing 
were not included in this study. 

In wet-process Braille printing, the raised dots forming the charac- 
ters are formed by embossing wet paper. The paper is prepared 
for printing by moistening it with water and allowing it to stand in 
covered piles until the moisture is uniformly distributed. After 
moistening, the paper is printed on platen presses using embossed 
plates, and subsequently dried in racks. 


III. DESCRIPTION AND PROPERTIES OF BRAILLE PAPERS 
STUDIED 


In order to obtain information on the relation of paper characteris- 
tics to the quality of the dots forming the printed characters, both 
printed and unprinted specimens of the papers used by a number of 
the leading Braille publishers were studied. The papers were some- 
what comparable to commercial ledger papers in weight and quality. 
However, glue or starch surface sizing used extensively on ledger 
papers is not used on Braille papers because the surface sizing causes 
difficulty in wet process printing. The unprinted papers were tested 
for weight, thickness, bursting strength, folding endurance, tensile 
properties, ash, degree of sizing, and fiber composition by standard 
methods.! The dots on printed specimens were tested for strength 
as indicated by resistance to crushing, and they were inspected for 
surface cracks and other imperfections. The resistance to crushing 
was determined by measuring, with a dial micrometer, the actual 
deformation caused by 100 gram deadweight loads on individual 
dots. 

The data for the unprinted and printed papers are given in 
table 1. 


1 Paper Testing Methods, Technical Association of the Pulp and Paper Industry, 122 E. 42d Street, 
New York, N.Y 
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The tensile properties of the paper appeared to be the only strength 
properties closely related to the strength of the embossed dots. 
Papers of this type are characterized by a distinct grain, resulting in 
large directional differences in strength. The tensile breaking strength 
is much higher in the machine direction than in the cross direction, 
and the stretch, or elongation at rupture, is higher in the cross direc- 
tion. The strength of the dots is obviously limited by the minimum 
values; hence by machine-direction elongation and cross-direction 
tensile breaking strength. 

Elongation is apparently of first importance because dot formation 
requires considerable paper stretch, and failure to perform satisfac- 
torily in this respect results in cracks which impair not only strength, 
but reading quality. Printing made up of dots that were deformed 
not more than 0.0050 inch under 100-gram load withstood handling 
extremely well. Hence it appears essential to require tensile properties 
high enough to ensure dot deformation of not over 0.0050 inch. From 
the data in table 1, it will be observed that this desired dot strength 
was not obtained in papers having cross direction tensile breaking 
strength of less than 4.5 kg or macaine direction elongation of less 
than 2.0 percent, hence these appeared to be minimum requirements. 
Machine direction tensile breaking strength and cross direction 
elongation are important with respect to handling and binding require- 
ments, and minimum values of 9.0 kg and 4.0 percent respectively 
were considered desirable. 

Inasmuch as a thickness of 0.0060 inch is regarded by commercial 
printers as most satisfactory for the average Braille press, that thick- 
ness was selected as standard. Of the papers that conformed closely 
to that thickness, those weighing approximately 85 pounds per ream 
(25 by 40 inches, 500 sheets) apparently had the best dots. Lower 
weights resulted in dots with poor strength, and higher weights were 
associated with dots with harsh and broken surfaces. Apparently 
the density of the paper, that is, the ratio of weight to thickness is 
important, and weight and thickness must both be closely controlled 
for satisfactory results in printing. 

The validity of these findings was checked by testing additional 
papers. For this purpose, four papers with like fiber composition 
and comparable tensile properties, but varying somewhat with respect 
to ratio of weight to thickness, were selected and studied. These 
papers were tested for weight, thickness, and tensile properties. 
Printed specimens were tested tor strength of dots, and rated with 
respect to reading quality of printing by blind readers at the Library 
of Congress. The results of these tests are given in table 2. 























TABLE 2 




















| | Tensile properties 





or | - ————— Deforma- ; 
| Weight | m,:.. | ; Rating by 
Sample no. | 25 by | T hick- | Breaking load Elongation —— blind 
40, 500 | BESS | iene MAAR ete ot ae pon rt readers 











| Machine} Cross | Machine Cross 



































| Lb. | or tg Percent : 
ee | 85 |0.0057; 113] 49] 5.0 | 0.0043 | Good. 
2A. | 90] .0082) 14) 5&7] 20 6.0 . 0058 | Poor. 
cca sibvckingbinn’ c iaer | . 0054 10.3 6.6 | 2.1 5.6 . 0044 Do. 
GR ints xonepaen | 85 | 0058 | 05) 47) 20 4.5 . 0047 | Preferred. 
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These results emphasize the importance of the proper weight- 
thickness relationship. All of the papers had satisfactory strength 
and dots of high resistance to crushing; however, only two of the 
papers, 4A and 1A, had dots satisfactory from a standpoint of reading 
quality. These two papers conformed to within a reasonable toler- 
ance of the standard thickness of 0.0060 inch, and each weighed 85 
pounds per ream. The other two papers differed somewhat from 4A 
and 1A as regards weight and thickness, and the dots of printed 
specimens had inferior reading surfaces. With these results in addi- 
tion to the data given in table 1 as a basis, requirements for a white 
Braille paper suitable for use in the high-quality books for the blind 
desired by the Library of Congress were recommended. 


IV. REQUIREMENTS FOR UNIFORM, HIGH-QUALITY 
PRINTING 


The paper required for wet process Braille printing for use in pub- 
lications for the Library of Congress resembles a sulphite ledger, 
machine finish without surface sizing. From a consideration of all of 
the results, it appears that a paper of that type, having the properties 
shown in table 3, will be suitable for durable Braille publications of 
high quality. 

TABLE 3 
Tensile breaking | Elongation at | 


aay strength (mini- rupture (i1mini- 
W elgnt | Thick- mum) 











é mum) obo - 
25 by | ness | Stock Color 
40, 500 | Z ARMIES Juanma Baer taro 





| 
| 
ee ie wane ee 
Machine | Cross | Machine! Cross | 
| } 


Lb. In. kg 





kg | Percent | Pe reent | 
854 | 0. 0060 9.0 4.5 | 2.0; 4.0) Free from ground wood or unbleached | White. 
j++. 0005 | | wood fibers. 





Three of the papers tested met the requirements (see table 3) in all 
respects, no. 6 in table 1 and nos. 1A and 4A in table 2. All of those 
papers were entirely satisfactory as judged by blind readers. Also, 
paper conforming to the above requirements has been obtained in 
commercial quantities by a publishing house tor use in the publications 
for the Library of Congress. This paper moistened and printed well, 
and the quality of dots printed on different presses by different 
publishers was in all cases entirely satisfactory to blind readers. 


WasHINGTON, March 14, 193 
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